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ABSTRACT 
The Himalayan mountain chain formed between 65-40 Ma due to the closure of the 
Tethyan ocean and the subsequent collision of the Indian and Eurasian plates. This collision 
and continued plate convergence resulted in crustal thickening, southerly propagating thrust 
stacking, and two main periods of Barrovian metamorphism: an early 'Eo-Himalayan' 
metamorphism and a later Himalayan metamorphism, synchronous with a major period of 
thrust stacking at ca. 21 Ma. Formation of the orogen loaded the Indian plate and caused 
downwarping and development of a foreland basin to the south. 
The sedimentary rocks within the foreland basin are the Subathu Formation of 
Palaeocene-Mid Eocene age, the Dagshai Formation of Upper Eocene-Oligocene age, and 
the Kasauli Formation of lowest Miocene age. These sediments form a conformable 
stratigraphic sequence. The Subathu Formation sediments are marine deposits, consisting of 
dominantly mudstones in the lower part of the succession, with limestone becoming more 
prominent higher up. Terrigenous material is present in minor amounts. The Dagshai 
Formation sediments are clastic red beds, with mudstones dominating at the base of the 
sequence and sandstones increasing in proportion higher up the succession. They are 
interpreted as being of continental origin, laid down under semi-arid conditions in a distal 
alluvial fan and meandering fluvial setting. The Kasauli Formation sediments are 
dominantly grey sandstones. Like the Dagshai Formation, they are of continental origin, but 
the climate had changed from semi-arid to humid by that time. The Kasauli Formation 
sediments are interpreted as being the product of deposition in a braided fluvial, alluvial fan 
environment. After deposition, the sediments were incorporated into a southward 
propagating imbricate thrust stack. The early foreland basin sediments are now found at 
three structural levels within the thrust stack; the highest structural level restores furthest to 
the north while the lowest structural level restores furthest to the south. 
The terrigenous clastic material is Himalayan derived. Clastic material in the 
Subathu Formation is of a largely sedimentary provenance, with some ophiolite-derived 
material. Derivation from the Indus-Tsangpo suture zone area is likely. Dagshai and 
Kasauli Formation sediments were derived from mixed sedimentary and low-medium grade 
metamorphic lithologies. The Kasauli Formation sediments detrital material is of a higher 
- grade than the Dagshai Formation. The most likely source is the 'proto High Himalaya' i.e. 
those rocks which are now of medium-high metamorphic grade due to the second Himalayan 
metamorphic event, but at the time of Dagshai and Kasauli Formation deposition had only 
been affected by the Eo-Himalayan event. Erosion to deeper levels during Kasauli 
Formation times resulted in the higher-grade detritus being transported to the basin during 
that time. Although the second metamorphic event was synchronous with deposition of the 
Kasauli Formation i.e. lower Miocene times, detrital material affected by this event did not 
appear in the foreland basin until post-Kasauli Formation times, due to the time lag imposed 
by uplift and erosion. 
The Early Tertiary foreland basin sediments chronicle the early history of Himalaya. 
The change from marine to terrestrial deposition and the first significant occurrence of 
clastic material at the start of Dagshai Formation times (Eocene-Oligocene boundary) marks 
the start of significant crustal thickening and uplift, sufficient to allow erosion of 
appreciable amounts of material from the newly uplifted land-mass. A period of major 
uplift and increased erosion rates probably occurred during deposition of the upper part of 
the Dagshai Formation (Upper Oligocene) reflected in a marked increase in the sandstone: 
mudstone ratio. Eo-Himalayan metamorphism must have occurred prior to Dagshai 
Formation times (ca. 35 Ma) in order for the source material to have been metamorphosed to 
sufficient grade prior to erosion and incorporation into the Dagshai Formation sediments. 
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Continental collision between India and Eurasia resulted in the development of the 
Himalayan mountain belt. As the Himalaya rose, material was eroded from the 
mountain belt and deposited in a sedimentary basin. This work concentrates on 
the sediments deposited in the basin, and uses them to document the early stages 
of Himalayan evolution. 
In this chapter, the four sedimentary formations studied are introduced and 
the rationale behind the project with the results gained from it are explained. An 
overview of Himalayan geology is given in order to fit the four formations into a 
wider geological framework. 
1.1 Rationale 
This project, based in India (figs. Ia & b), involves the study of the sediments 
deposited during the initial stages of the Indian-Eurasian continental collision and 
subsequent Himalayan orogenic development. The sediments can be divided into 
four formations; the pre-collisional Late Cretaceous Singtali Formation (Valdiya 
1980) and the early Tertiary early Himalayan foreland basin sediments of the 
Subathu, Dagshai and Kasauli Formations (Bhatia 1982). The results from this 
work have increased our knowledge in four key areas; 
The early Tertiary regional stratigraphy of the area is poorly known and 
localised with few inter-area correlations. This work has placed the formations in 
a coherent framework, refining the basic dating and stratigraphy, as well as tying 
the region into the larger picture extending to Pakistan and Nepal. 
Little work on the detailed facies of the early Tertiary Formations has been 
undertaken, with Srivastava & Casshyap (1983), Bossart & Ottiger (1989) and 
Critelli & Garzanti (1994) being three of the more comprehensive studies. In this 
project, facies models are proposed and the palaeogeography and palaeo-climate 
discussed. 
Using the data gained from i) and ii), the early Himalayan foreland basin 
evolution has been documented. 
The uplift and evolution of the Himalayan mountain chain is recorded in the 
sediments derived from it. To date, much attention has been paid to the younger 
Trans-Himalyan (Ladakh Batholith) 
N 
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Siwalik foreland basin of Mid-Miocene to Pliocene age and to the sediments now 
found in the Bengal Fan which ODP drilled down to 17My. Extending the record 
back to early Tertiary times provides an insight into the initial stages of Himalayan 
orogenic development and the associated climatic change at this time. 
1.2 Overview of Himalayan geology 
The Himalaya formed when subduction of the Neotethyan oceanic crust under 
Eurasia ceased, and continental collision between India and Eurasia occurred 
sometime between 65-50 Ma. The following account describes the Himalayan 
lithologies and then puts them into context, providing an overview of Himalayan 
evolution. 
1.2.1 Himalayan lithotectonic units 
The Himalayan mountain chain consists of 6 'linear' lithotectonic units trending 
approximately east-west (Gansser 1964), (Figs. Ia & c). From north to south, 
these units are: 
The Trans-Himalaya 
This is a belt of Andean-style Batholiths 
The Indus-Tsangpo Suture Zone (ITSZ) 
This is the suture between the Indian and Eurasian plates. In Pakistan, the suture 
zone branches around the Karakoram island arc complex. The northern branch is 
called the Northern Suture and the southern branch is reactivated as the Main 
Mantle Thrust (MMT). Rocks include Tethyan sediments, island arc complexes 
and post-collisional deposits. 
The Tibetan-Tethys Zone. 
This unit consists of the Indian passive continental margin sediments. The unit is 
bounded to the north by ITSZ. There is debate over whether the contact with the 
High Himalayan Crystallines to the south is tectonic (Zanskar normal fault or 
Zanskar shear zone) or whether it is of a sedimentary nature. 
The High Himalayan Crystallines (HHC). 
These rocks are Precambrian basement and Phanerozoic cover of the 'Tibetan slab' 
(Indian plate), metamorphosed to high grade during the Himalayan orogeny and 
intruded by Palaeozoic and Miocene granites. They are separated from the Lesser 
Himalaya below by the Main Central Thrust (MCT), which is better described as a 
diffuse 3-10 km thick zone. 
4 
The Lesser Himalaya. 
This unit comprises non to weakly metamorphosed Precambrian to Palaeozoic 
Indian plate sedimentary and volcanic rocks, thrust into a nappe stack and overlain 
by crystalline thrust sheets. Within this nappe stack, the pre-collisional and early 
foreland basin sediments are now caught up (described below). This unit is 
separated from the Sub-Himalaya below by the Main Boundary Thrust (MBT). 
The Sub-Himalaya. 
This unit contains some of the early foreland basin sediments, as well as great 
thicknesses of the later foreland basin deposits. The foreland basin sediments can 
be divided into the Late Cretaceous marine Singtali Formation (strictly pre-
foreland basin), the Palaeocene-Mid Eocene marine Subathu Formation and the 
continental Dagshai, Kasauli and Siwalik sediments (Late Eocene-Oligocene, 
Early-Mid Miocene and Mid Miocene-Pliocene aged respectively). 
1.2.2 Description of lithologies in the lithotectonic units 
The Trans-Himalaya (Ladakh Batholith) 
The Trans-Himalaya consists of a number of granitoid plutons (e.g. the Ladakh 
Batholith, (Thakur 1981) and the Kangdese Plutonic Complex (Allegre et al. 
1984), which stretch for 2500km along the length of the Himalayan chain 
(Gansser 1980). Radiometric dating of the dominantly granodiorite plutonic 
complex shows Late Cretaceous to Eocene ages (Searle 1983 and references 
therein). 
The plutonic complex is interpreted as representing an Andean-type 
northern margin of Tethys, with the intrusives being the product of partial melting 
of the subducted Mesozoic ocean floor beneath the Asian plate (Honeggar et al. 
1982; Searle 1983). 
The Indus-Tsangpo suture zone (ITSZ) 
A variety of rocks are found in this region, which is the line of collision between 
India and Eurasia. The rock types are described below. 
a) The Dras volcanic group. 
This group, of Late Cretaceous age, was formed in the Tethys ocean and is 
correlated with the Kohistan arc of Pakistan. It can be divided into two, or 
possibly three, units; the Suru unit, the Naktul unit and the Nindam unit (Sharma 
& Gupta 1983; Reuber 1989; Sutre 1990; Robertson & Degnan 1994). 
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Suru unit: this unit consists of intrusives, extrusives and related sedimentary 
rocks of a typical island arc type, estimated to be more than 5 kms thick. 
Lithofacies include basalt, basaltic andesite and acidic extrusives, coarse 
volcaniclastic and tuffaceous sediments, shallow-water and siliceous pelagic 
I imestones and turbiditic sandstones. 
Naktul unit: this unit is dominated by volcaniclastic sediments, with subordinate 
subaqueous basic extrusives, limestones and minor cherts. Lithofacies include 
volcaniclastic talus, debris flows, volcaniclastic turbidites, shallow water and 
pelagic carbonates, pillowed extrusives and radiolarites. 
Nindam unit: this unit consists of deep water volcaniclastic turbidites, tuffaceous 
sediments, pelagic carbonates and subordinate debris flows. 
Garzanti & Van Haver (1988) considered the Dras complex to be a thrust-
imbricated subduction/accretion complex. Sutre (1990) interpreted the Dras 
volcanic complex as a forearc sequence to the Cretaceous Trans-Himalayan arc to 
the north (described above), on the basis of terrigenous quartz found in the 
sediments. In contrast, Robertson & Degnan (1994) considered the Dras arc to be 
an oceanic island arc. They noted that the sequence is an intact succession, that 
the Dras complex is correlated with Kohistan oceanic island arc, the compositions 
of the igneous and sedimentary components are markedly different to that of the 
Trans Himalaya, the Dras complex and Trans Himalaya are separated by a 
melange interpreted by them as a suture and the 'detrital' quartz is unlikely to be 
of primary origin. They went on to interpret the Suru unit as the remains of the 
interior and flanks of a volcanic arc, the Naktul unit as a proximal forearc apron 
and the Nindam unit as a deep water distal forearc succession. 
b) The Lamayuru complex 
The pre-collisional Tethyan Lamayuru complex is of Triassic to Late Cretaceous 
age and consists of sandstone turbidites, mudstones, radiolarian and pelagic cherts 
and volcaniclastics (Searle 1983; Robertson & Degnan 1993). Reuber et al. 
(1992) inferred a semi-enclosed continental margin basin origin for these 
sediments, bordered to the north i.e. oceanwards by large peripheral platforms 
now represented by limestone exotics. Brookfield & Andrews-Speed (1984) and 
Robertson & Degnan (1993) considered that the sediments were slope to base of 
slope sediments deposited in a deep water passive margin environment i.e. the 
north facing Indian passive margin of Tethys. Robertson & Degnan (1993) 
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interpreted the limestone exotics as seamounts well to the north of the Zanskar 
shelf as described below. 
There is some debate as to whether the Lamayuru distal Tethyan sediments 
are allochthonous, thrust over the Zanskar shelf sediments of the Tibetan-Tethys 
zone (Baud 1989), or whether they are relatively autochthonous, interfingering 
with the shelf sediments (Fuchs 1989; Robertson & Degnan 1993). 
c) The Indus Group. 
These mid-Cretaceous to early Tertiary clastic sediments, interpreted as a forearc 
basin succession of the Trans-Himalayan arc-trench system, span the time from 
pre-collision to post-collision (Garzanti & Van Haver 1988). 
From late Albian to Early Eocene, the northern and southern flanks of the 
sedimentary basin had different sedimentation histories. The southern flanks were 
characterised by a wholly marine terrigenous to carbonate succession. The 
sequence is shallowing up, involving deep-sea fan turbidites, shallow-water 
carbonates, sandstones and pelites, and fan-delta deposits. Meanwhile, the 
northern margin was characterised by 1 200m of continental clastic sediments 
onlapping the Trans-Himalayan batholith. Sediments include alluvial fan 
conglomerates containing Trans-Himalayan derived clasts, braid-plain sandstones, 
lacustrine limestones and marls, overlain by deltaic facies. 
The post-collisional sediments (post Early Eocene) are the same on both 
flanks of the basin. The sediments consist of continental, distal alluvial or upper 
delta plain red pelites and sandstones, sandstone and conglomerate of braided 
fluvial facies, and lacustrine sediments. All sediments contain arc and ophiolitic 
detritus. (Brookfield & Andrews-Speed 1984; Garzanti & Van Haver 1988). 
iii) The Tibetan-Tethys zone 
A near complete sedimentary sequence from Cambrian to Eocene is preserved 
within this unit. The sequence can be broken into two, the Palaeozoic Lahoul 
Supergroup (Searle et al. 1988) and the Mesozoic Zanskar Supergroup (Thakur 
1981), divided by the Panjal volcanics (Gansser 1964). 
a) Lahoul Supergroup: 
This supergroup consists of five formations, the Pre-Cambrian to Cambrian Phe 
Formation, the Cambrian Karsha and Kurgiakh formations, the Ordovician-
Silurian Thaple Formation, the Devonian Muth Formation, the Carboniferous 
Lipak and Po formations and the Early Permian Chumik Formation (Baud et al. 
1984,   Steck et al. 1993 and references therein). The lithologiës consist of slates, 
7 
sandstones, dolomites, limestones and conglomerates. Only the basal sediments 
have been metamorphosed, but only up to low grade, with a stronger metamorphic 
overprint to garnet grade in easternmost Zanskar (Garzanti et al. 1986). Debate 
continues as to whether the metamorphism is related to the Zanskar shear zone. 
Some workers e.g. Nanda & Singh (1976), Srikantia et al. (1978) and Fuchs 
(1981, 1982) believed that the contact between the Tibetan-Tethys sediments and 
the underlying high grade HHC is sedimentary, thereby implying that the Tethyan 
sediments are a cover for the HHC basement, whilst others believed that the two 
units are in tectonic contact, separated by the Zanskar shear zone or normal fault 
e.g. Herren (1987) and Searle & Rex (1989). 
Very little work has been done on the environment of deposition of these 
sediments. Baud et al. (1984 and references therein) consider that the Silurian to 
Carboniferous sediments were deposited in shallow water on a cratonic edge. The 
older sediments have not been interpreted beyond that of a 'geosyncline' not of 
deep water facies. 
b) the Zanskar Supergroup: 
This supergroup consists of eight formations called the Lilang, Spiti, Giumal, 
Chikkim, Shillakong, Kangi La, Kanji and Chulung La Formations, with regional 
variations (Searle 1983; Baud et al. 1984). The rocks of Late Permian to Middle 
Jurassic age are dominantly limestones, shales dominated from the Late Jurassic 
to Early Cretaceous when there was a clastic influx. Deep water facies occurred in 
the Campanian to early Maastrichtian, followed by shallow water limestones in 
the Eocene. The youngest sediments, the Chulung La Formation (Palaeocene-
Early Eocene), are continental in origin. 
The interpreted environments of deposition are varied, taking in the long 
time scale. The limestone dominated Permian to Middle Jurassic sediments were 
deposited on the Tethyan stable carbonate shelf, although fluctuations of relative 
water depth gave rise to facies as varied as basinal to intertidal, supratidal and 
beach. Deepening of the basin is implied by the pelagic shales in the Late Jurassic 
to Early Cretaceous and in the Campanian to early Maastrichtian (Searle 1983, 
1986; Baud et al. 1984). The Chulung La red beds are of deltaic origin, derived 
from the Trans-Himalayan arc-trench system (Garzanti et al. 1987; Critelli & 
Garzanti 1994). 
Igneous rocks of the Tibetan Tethys unit are the Panjal Traps and the 
Spontang ophiolite. The mid Permian Panjal Traps divide the Lahoul and Zanskar 
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Supergroup sequence. They have been interpreted as continental flood basalts 
associated with Permian rifting of Neotethys (Honegger et al. 1982; Papritz & Rey 
1989). The Spontang ophiolite, which is found thrust over the Tibetan-Tethyan 
sediments and Lamayuru sequence, is considered to be obducted Tethyan oceanic 
crust (Searle 1986). 
iv) The High Himalayan Crystallines 
The rocks which make up the High Himalayan crystallines consist of 
metasediments (e.g. schists and gneisses including metapelites, marbles, 
calcareous schists, amphibolites and quartzites) (e.g. Searle 1983; Metcalfe 1990; 
Lombardo et al. 1993) and intrusives, characteristically leucogranites found 
associated with the higher grade rocks (Searle & Fryer 1986). These rocks are 
considered to be the metamorphosed equivalent of the Indian plate basement 
rocks, although the finding of fossiliferous Jurassic rocks may mean that the HHC 
are imbricated basement and cover sequences of the Indian plate (Powell & 
Conaghan 1973; Metcalfe 1990). 
The rocks display crustal anatexis and Barrovian metamorphism associated 
with the Himalayan orogeny, showing all grades from chlorite to sillimanite. 
Recent studies have shown that the metamorphic rocks have been subject to two 
major Himalayan metamorphic events, the first termed the 'Eo-Hima1ayan event, 
the second being called the 'Neo-Himalayan' event (Hodges et al. 1994 and 
references therein). The first event was probably associated with crustal 
thickening subsequent to collision, the second was synchronous with movement 
along the MCT, active at 21 Ma (Hubbard & Harrison 1989). 
However, the cause of much controversy is the fact that the isograds are 
inverted, i.e. the High Himalayan Crystallines show an inverted metamorphic 
sequence increasing from lower greenschist facies to upper amphibolite facies 
northward and with increasing structural height (e.g. Le Fort et al. 1986; Staubli 
1989). Three main models have been put forward to explain the metamorphic 
inversion; 
I) thermal effects of leucogranite magmatism: Hodges & Silverberg (1988) 
suggest that the heat produced by the emplacement of the leucogranites may have 
caused inversion of the geotherm. 
2) the hot iron model (Le Fort 1975, 1986): Le Fort proposed that thrusting of the 
hot HHC over the cold Lesser Himalaya would result in cooling of the hanging 
wall and conductive heating of the footwall 
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3) syn- to post- metamorph ic deformation. This model implies that a normal 
upward-decreasing Barrovian metamorphic sequence was deformed by subsequent 
folding and thrusting (Searle & Rex 1989). 
The basal part of the High Himalaya is called the MCT-zone (MCTZ). 
This terminology has come into being since it has been recognised that the MCT 
is not a discrete thrust but a broad ductile shear zone 3-10 kms thick (Hubbard 
1988; Metcalfe 1990). Rocks within the MCT shear zone are called the Munsiari 
Group, Jutoghs or Almora (e.g. Valdiya & Bhatia 1980) and are separated from 
the Lesser Himalaya below by the Munsiari thrust and from the true HHC above 
by the Vaikrita thrust. The rocks consist of a tectonic melange of lithologies 
including abundant granitic and granodioritic augen gneiss, amphibolite dykes, 
garnetiferous schists and metapelites. Metamorphic grade is inverted, increasing 
tectonically upsection (Metcalfe 1990), as described above. 
The Lesser Himalaya 
The Lesser Himalaya consists of a thrust stack of non- to weakly metamorphosed 
Indian plate basement rocks of Precambrian and Palaeozoic age. Work on these 
rocks has proved extremely demanding, and correlation between regions difficult 
due to the lack of dating, complicated tectonics, lateral facies change and poor 
exposure. A wealth of local names and sub-units has arisen, a detailed discussion 
of which is beyond the scope of this work. Gansser (1964), Valdiya (1980) and 
Valdiya & Bhatia (1980) provide detailed accounts of the Lesser Himalayan 
nappes and formations. 
In the region studied for this project, the Indian plate basement is 
composed of the Krol nappe, consisting of limestones (e.g. the Bandla Limestone), 
Permian sandstones and the Simla Slates. The overlying metamorphic nappe, 
called the Jutogh nappe, consists of metamorphosed Indian plate basement rocks 
of the Jutogh, Almora or Munsiari Formation, as described above. Some of the 
early foreland basin sediments are now caught up in this thrust stack. 
The Sub-Himalaya 
The sub-Himalaya consists of foredeep sediments eroded from the Himalaya. 
Marine Subathu Formation sediments of Palaeocene-Eocene age pass up into 
alluvial fan and fluvial sediments of the Dagshai Formation (Oligocene aged) and 
Kasauli Formation (Early Miocene aged). The Siwalik Group is of Mid Miocene 
to Pliocene age and can be divided into the lower, middle and upper Siwalik sub- 
groups. The sediments are fluvial, deposited as two coarsening-up megacycles 
consisting of sand-clay alternations in the lower part,. passing up gradually into 
coarse sandstones and conglomerates towards the top. Erosion to progressively 
deeper levels of the Higher Himalaya is recorded in the Siwalik sediments, where 
garnet and staurolite are found in the Lower Siwaliks, kyanite in the Middle 
Siwaliks and sillimanite in the Upper Siwaliks (Parkash et al. 1980). 
1.2.3 Himalayan evolution 
Prior to continental collision, the Tethys ocean separated the Indian and Eurasian 
continents (Fig I d (i)). The Zanskar Supergroup was deposited on the southern 
margin of Tethys, on the passive continental shelf of the northern margin of India. 
Further north, off-shore, the Lamayuru sediments were deposited on the passive 
margin slope and base-of slope. The northern margin of Tethys was an active 
continental margin, with oceanic crust being subducted beneath Eurasia. The 
Cretaceous-Eocene Trans-Himalaya granitoid plutons, the Late Cretaceous Dras 
island arc complex, and the earlier Indus Group forearc basin deposits were the 
products of this subduction. 
Initial contact or 'nudging' between the Indian promontory and Eurasia is 
believed to have taken place in the earliest Palaeocene in the North-western 
Himalaya, with anti-clockwise rotation giving rise to diachronous collision as the 
east collided later (Klootwijk et al. 1985; Jaeger et al. 1989; Spencer 1992). The 
start of continental collision is shown in Fig. Id (ii). 
The timing of terminal continental collision is controversial, but most 
workers believe it to be during the time of latest Palaeocene to Mid Eocene (e.g. 
Dewey et al. 1988; Klootwijk & Peirce 1979; Searle 1988, 1995). It was at this 
time that marine conditions ceased in the Indus-Tsangpo Suture Zone, as 
evidenced by the continental facies of the Indus Group sediments. The Spontang 
Ophiolite may have been obducted during this time, as evidenced by the youngest 
sediments found beneath the ophiolite (Early Eocene) (e.g. Colchen & Reuber 
1986; Kelemen et al. 1988). In contrast, Searle (1986) and Searle et al. (1988) 
believed that obduction occurred earlier, in the Late Cretaceous-Palaeocene, as 
evidenced by the Campanian-early Maastrichtian Tethyan deepening event caused 
by loading of the Indian plate margin as the ophiolite encroached. 
Crustal thickening and thrusting, caused by the continental collision and 
continued convergence of the plates, resulted in 'Eo-Himalayan' Barrovian 
metamorphism in the Eocne; Oligocene or Oligo-Miocene boundary. tirries 
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Fig. le: Theoretical model of foreland basin evolution (after Beaumont 1981) 
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(Hodges & Sitverberg 1988: Inger and Harris 1992; Hodges et at. 1994). A 
second metamorphic event, 'Neo-Himalayan metamorphism, occurred in Early to 
Mid Miocene times (Hubbard & Harrison 1989: Hodges et at. 1992), synchronous 
with movement along the MCT, active in Early Miocene times (Le Fort 1986; 
Hodges at al. 1988). The 'Neo-Himalayan' metamorphic event caused anatexis of 
the High Himataya, teading to melt generation and the intrusion of teucogranites 
(LeFort et at. 1987). It was around this time that rapid uplift is thought to have 
commenced (e.g. Tretoar & Rex 1990; Harrison et al. 1992). 
The thrust stack continued to propagate southwards, with the Main 
Boundary Thrust active in the Late Miocene (Hodges at al. 1988) and the present 
day Main Frontat Thrust. This thrust stack is responsible for the imbrication of 
the early foreland basin sediments which were eroded from the rising Himalaya. 
The development of the foretand basin, the subject of this work, is discussed in 
more detail in section 1.3. Fig. Id (iii) illustrates the post-cotlisionat stage. 
1.3 Theoretical model of foreland basin evolution 
A foreland basin is a sedimentary basin which forms between the front of a 
mountain chain and the adjacent craton (Allen et at. 1986). Two classes of 
foreland basin have been defined (Dickinson 1974), those that form against the 
outer arc of the orogen during continental cot lision, termed peripheral foretand 
basins, and those that form behind a magmatic arc during oceanic lithosphere 
subduction, termed retro-arc foreland basins. The Himalayan foretand basin is of 
the former variety. 
The classic foretand basin evolutionary model (for example Beaumont 
1981) (Fig. le) involves arc-continent or continent-continent collision, where the 
over-riding plate loads the subducted plate causing downwarping (the foreland 
basin) and associated updoming cratonwards (the peripheral forebutge). Deep 
water facies characterise the initial stages of development due to the delay 
between downflexure and the start of substantial erosional influx. The toad is 
submarine at first and therefore much of the sediment shed into the basin is 
derived from the craton. As thrusting proceeds, the thrust belt rises and 
contributes an increasing amount of eroded material into the foreland basin. This 
resutts in a shallowing up sequence as erosion and deposition exceed subsidence. 
With continued plate convergence, the thrust front and associated peripheral 
forebulge migrate cratonwards, cannibalising the early foretand basin sediments 
which become caught up in the thrusting. In this way, the foreland basin will 
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migrate progressively cratonwards, with the depocentre of the basin remaining 






In this chapter, the structure of the Lesser and Sub Himalaya, where the Singtali, 
Subathu, Dagshai and Kasauli formations are found, will be discussed in detail. The 
chapter is divided into three sections; 1) the structural nature of the Indian plate 
basement nappes is described, 2) the relationship between the basement nappes and 
the Late Cretaceous and early Tertiary foreland basin sediments is discussed and 3) 
the structures found within the early Tertiary sedimentary rocks are described. 
Section 1 is largely a review section, aimed to give a general structural background 
to the region, the purpose of my limited work in this field being for corroboration 
only. Sections 2 & 3 involve a larger degree of original material, vital, but solely, 
for the purpose of understanding the fundamentals of the sedimentary history of the 
area. 
The map and cross-sections in Figs. 2a and 2b show the general structure of 
the area covered by the map and illustrate the descriptions in the text. 
2.1 Structure of the Indian plate basement rocks in the Lesser Himalaya 
In Section 1.2, the Himalayan mountain chain was described as consisting of six 
lithotectonic units. Unit V, the Lesser Himalaya and the Sub-Himalaya directly 
below it, is the focus of this research project. It is a thrust stack made up of weakly 
to highly metamorphosed Pre-Cambrian to Palaeozoic Indian plate basement rocks. 
Within that thrust stack, the early foreland basin sediments are imbricated. 
2.1.1 Review of previous work. 
The lowest Indian plate basement nappe in the thrust stack is the Krol nappe, 
composed of Precambrian - Palaeozoic sediments, which is thrust along the Krol 
Thrust over the early Tertiary sedimentary rocks where they exist, and the Siwalik 
sediments of the Sub-Himalaya (Figs. 2a and 2b, Plate 2a). This nappe, originally 
part of the Indian plate passive continental margin (Gansser 1964), is a sequence of 
limestones, sandstones and slates of the Blaini and Shali Limestones, the red 
Permian sandstone, Simla Slates and Krol Formation (Gansser 1964; Valdiya 1980). 
Thrust over the Krol nappe along the Jutogh Thrust are the Precambrian - Palaeozoic 
metamorphic rocks belonging to the Jutogh nappe (Gansser 1964). The Jutogh 
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Fig. 2a: Simplified geological map of the central region of the field area. 
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quartzite and schist. The rocks represent a part of the Indian craton which was 
subjected to a higher degree of metamorphism than the Krol nappe lithologies, 
possibly because they were derived from a deeper level of the craton. The Jutogh 
rocks have been correlated with the Munsiari Formation of the Almora Group to the 
east (Valdiya 1980), also referred to as the Main Central Thrust Zone (Metcalfe 
1990), and the Jutogh Thrust is also referred to as the Almora Thrust, the Munsiari 
Thrust and Main Central Thrust I (MCT 1) (Valdiya 1980; Hodges et al. 1988; 
Morrison & Oliver 1992). At the top of the Jutogh nappe lies the Vaikrita Thrust, 
also known as the Main Central Thrust (MCT) and MCT 2, above which lie the 
Vaikrita Group of the High Himalayan Crystallines (Valdiya 1980; Hodges et al. 
1988). Fig. 2c is a schematic cross-section to illustrate the above relations. 
Many authors, e.g. Kumar & Pande (1972), Bhattacharya & Niyogl (1971) & 
Dubey & Bhat (1991) described three phases of deformation for the Krol and Jutogh 
nappes; Phase D2 is the major and most conspicuous phase of deformation, 
manifesting itself as folds which have axes trending NW-SE. The folds are open to 
tight, upright, overturned and recumbent. The authors suggested that this 
deformation was synchronous with nappe emplacement. 
The first phase of deformation (Dl) was co-axial with the second event 
(Dubey & Bhat 1991; Bhattacharya & Niyogl 1971), possibly refolded by it, with 
the original axes of the folds trending E-W (Kumar & Pande 1972). The folds are 
tight to isoclinal, gently plunging, upright, recumbent or reclined (Dubey & Bhat 
1991). Whether this event is pre-Himalayan or Himalayan is disputed. Some 
authors argued that there is no good evidence for pre-Himalayan orogenic 
deformation (e.g. Powell & Conaghan 1973; Powell et al. 1979; Gansser 1980; 
Windley 1983), while others argued that evidence does exist for pre-Himalayan 
deformation. This evidence has been recorded in both India and Pakistan. For 
example, in N.W. Pakistan, Baig et al. (1988) found folded rocks with axial planar 
cleavage and low grade metamorphism below an unconformity found at the base of 
the Cambrian, but the rocks above do not show this deformation. From this they 
concluded that there was an orogenic event in the late Precambrian to Cambrian. 
Similar evidence was discussed by Williams et al. (1988) who also worked in N.W. 
Pakistan. In this example, the Besham Group of gneisses, schists and granites are 
overlain unconformably by pelitic sediments of the pre-Himalayan, possibly 
Palaeozoic, Karora Group. The Besham Group, but not the Karora Group, displays 
an older gneissose texture and fabric which has been overprinted by Himalayan 
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rocks in S.E. Zanskar, India. They divided the metabasites into type A and type B. 
Type A pre-date the emplacement of early Palaeozoic granitoids and record a 
polyphase metamorphic history. The type B metabasites are younger then those of 
type A. They intrude the early Palaeozoic granitoids and do not have a polyphase 
metamorphic history. Only one event is recorded in these rocks, that of the 
Himalayan event. 
The third phase of deformation (D3) produced upright and asymmetric 
chevron folds trending NE-SW to N-S and Kumar & Pande (1972) believed that 
these formed as a result of movement along the Jutogh thrust, although, once again, 
there is little further elaboration. 
2.1.2 Comparison of the literature with new data collected for this thesis 
The Krol nappe: 
Structural data was collected from three localities within the Krol Nappe, located as 
L1-L3 on Fig. 2d. The folds are generally metre scale, asymmetrical, open chevron 
parallel-folds. They are moderately to steeply inclined and sub-horizontal to 
moderately plunging (plate 2b). 
The data measured at these three localities are presented in Fig. 2e(i-iii). 
Fig. 2e(i-iii) clearly shows folds with axes trending NW - SE, with Fig. 2e(iii) also 
displaying some NNE trends. Fig. 2e(i-iii) would be consistent with deformation 
phase Dl and D2, with the patterns shown by Fig. 2e(iii) bearing additional 
similarities to deformation phase D3 trends. 
The Jutogh nappe: 
Structural data was collected along road cuttings from Karsog to Mandi (L4) (see 
Fig. 2d). The folds in the Jutogh nappe are quite variable and often not well 
exposed or well defined. Plate 2c shows a set of folds from this nappe. The folds 
are, in general, asymmetrical tight folds which are smaller than a metre scale. They 
vary in that their hinge-lines range from gently to steeply plunging, and their axial 
planes range from gentle to steep. The structural data are plotted on Fig. 2f, where it 
appears that there is one set of folds which trend N-S and NNW-SSE, and a second 
set of folds which trend from NE to SW. The data showing NE to SW trends is 
consistent with the trends of folds resulting from deformation D3 phase as described 
in the literature. The N-S to NNW-SSE trending data is not entirely consistent with 
any of the described deformation phases. The N-S trends could be ascribed to 
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Fig. 2d: Location map showing localities where structural measurements were 
taken. 
Ll-L3 are from the Krol nappe and relate to the stereograms shown in Fig. 2e. 
L2 includes part of the road from Simla to Mandi. 
L4 is from the Jutogh nappe and relates to the stereogram shown in Fig. 2f. L4 
also includes part of the Mandi - Karsog Road. 
L5 is from the lowest structural level Tertiary rocks and relates to the 
stereogram shown in Fig. 2h. 
L6 is from the possible highest structural level Tertiary rocks and relates to 
the stereogram shown in Fig. 2i. 
Fig. 2e(i) Fold data from the Krol 
nappe, locality Ll (see Fig. 2d). 
Fig. 2e(iii) Fold data from the Krol 
nappe, locality L3 (see Fig. 2d). 
Fig. 2e(ii) Fold data from the Krol 
nappe. locality L2 (see Fig. 2d). 
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Fig. 2f Fold data from the Jutogh 
nappe, locality L4 (see Fig. 2d). 
Key for Figs. 2e(i-iii) & 2f. 
• fold hinge with anticlockwise rotation 
C fold hinge with clockwise rotation 
A fold hinge, no vergence observed 
• pole to axial plane 
I [anti-clockwise rotation refers to the vergence 
direction, i.e. the direction of travel of the rock 
over the hinge line (anticlockwise or clockwise)] 
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variation from the overall NW-SE trend assigned to deformation phase D2. 
Alternatively, this set of trends may be a local phenomenon relating to a localised 
event. 
2.2 Relationship between Indian plate basement rocks and Late Cretaceous 
and early Tertiary sediments. 
The Late Cretaceous and early Tertiary sedimentary rocks are found at two and 
possibly three structural levels within the thrust stack ( see Fig. 2a & b). This has 
occurred because the sediments were deposited on top of the basement rocks prior to 
thrusting, later thrusting causing the imbrication and division of the sediment into 
structural levels. The three levels are found: 
I) beneath and thrust over by the Krol nappe, 
lying unconformably over the Krol nappe and 
occurring as dismembered imbricates on the base of the Jutogh nappe. 
The lowest structural level, beneath the Krol nappe, forms the majority of the 
early Tertiary sediments and is therefore well documented (e.g. Bhatia 1982; Batra 
1989; Chaudhri 1968; Chaudhri & Panue 1976; Raiverman & Raman 1971)(see 
sections 613.1, 713.1.1 & 813.1) whilst the occurrence of the intermediate structural 
level lying over the Krol nappe has been documented in the central area near Simla 
by Srikantia & Bhargava (1967) & Srikantia & Sharma (1970) (see section 613.1). 
Although the occurrence and description of the highest level early Tertiary 
sediments was published by Chakraborty et al. (1963) (see section 7B.1.3) , the 
actual assignment of these rocks to a• structural level has not previously been 
undertaken. It should also be remembered that the age of these rocks has not been 
conclusively proved as Tertiary (see section 4.1.3.2). 
Due to the large extent and relative inaccessibility of the area to be covered, 
detailed mapping was not feasible. The map shown on Fig. 2a was constructed 
using contact mapping. Fortunately, the base of the Krol nappe was relatively easily 
followed over long distances, especially where limestone formed the base, due to the 
associated topographic change and steep cliffs associated with the limestone. 
Lithological differences within the Krol and Jutogh nappes were not usually 
considered, the prime objective being to map the outcrop of the two nappes and the 
position of the early Tertiary sediments in the thrust stack. Once a structural 
framework had been established, it was relatively simple to locate the structural 
position of the early Tertiary sediments at individual localities relative to the thrust 
stack: 
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In this section, the evidence for the structural levels is given, and the 
structural aspects of each early Tertiary level are described where they are important 
in the recognition of different structural levels, or for the sedimentological evolution 
of the basin. 
2.2.1 The lowest structural level 
The lowest structural level is made up of a thick sequence (c. 800m) of Subathu, 
Dagshai and Kasauli Formations. It is thrust over the Sub-Himalayan Siwalik 
Group and overthrust by the Krol nappe. These tectonic relationships can be seen at 
a number of localities, although the actual contact is usually not exposed. Some 
examples, which can be located on Fig. 1 b, are; 
just north of Nahan where the lower Siwaliks, generally steeply dipping towards 
due north, are overridden by the Dagshai Formation beds which are also steeply 
dipping but towards the north-east. A large section of no exposure separates the 
two rock types. 
in the Tons Valley at Kalsi, where the Siwalik Formation is overridden by the 
Dagshai Formation. The Siwalik beds show relatively uniform, gently inclined beds 
which dip towards the north-west to north-north-west. In contrast, the Dagshai 
Formation beds are steeply dipping, with extremely variable dip directions. The 
contact region is represented by an area of no exposure. 
at Dharamsala, where Siwalik rocks are overridden by Dagshai Formation rocks. 
The contact was not observed. 
near Dhondan, where the Simla Slates and limestones of the Krol nappe are thrust 
over the interleaved Subathu and Dagshai Formation sediments (Plate 2d). At this 
locality, although the actual contact is not visible due to the position of a road, the 
contact can be pinned down to within lOm. Above the contact, beds from the Krol 
nappe generally have low inclinations and extremely variable dip directions. Metre 
scale, asymmetrical chevron folds were observed, plunging at various angles (but 
most often sub-horizontal), and moderately inclined. Below the thrust, the early 
Tertiary sediments dip towards the north-east at variable dip angles ranging from 
gently inclined to steep. At Dhondan, sufficient folding was observed in the early 
Tertiary rocks to take statistically viable structural measurements. These are 
discussed in section 2.3. 1. Plate 2d illustrates the contact relations between the Krol 







Plate 2d: Simla Slates and Limestone of the Krol nappe thrust over the lower 
structural level early Tertiary sediments along the Main Boundary Thrust (locally 
equivalent to Krol Thrust)(MBT is shown as a red dotted line on the photograph). 
South lies to the right of the photograph. 
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north of Bilaspur on the road towards Mandi, where the Krol nappe limestones 
and red Permian sandstones are thrust over the red Subathu and Dagshai Formation 
rocks, as illustrated by Plate 2a. The nappe dips are very variable, showing an 
average of 300 towards the north-east at the southern end of the nappe, but swinging 
round to give easterly, westerly and south-easterly directions further north. Beneath 
the nappe, the early Tertiary sediments have extremely steeply dipping to vertical 
beds, dipping towards the west. The thrust contact was not seen. 
near Bilaspur, where Krol nappe limestones and sandstones are thrust over the 
early Tertiary sediments and the Siwaliks. Near to the contact the sediments dip 
towards the south-east at angles between 30-60°, whilst the overthrust basement 
dips at steeper angles, e.g. 73°, in a south-east direction. These dips are very local 
however, and much variation exists within a small area. In this area, exposure 
allows the tectonic boundary to be studied. At the contact, the underlying sediments 
are not well exposed or defined, characterised by a general lack of distinctive 
bedding or other structures. The overlying limestone is well exposed and has a 
shattered appearance. 
at one locality, Manji Khad near Dharamsala, the early Tertiary sediments are not 
overlain by the Krol nappe. Instead, the Dagshai Formation is overlain by the 
sequence illustrated in Plate 2e. The green volcanic rocks shown in the plate are 
vesicular and amygdaloidal. Above and below the green volcanic rocks are grey 
coloured rocks (the lower grey layer is obscured in the photograph). These grey 
rocks, which are weathered and muddy, show strong soft sedimentary fold 
deformation, black bands that are highly contorted and blocks of the green volcanics 
and whiter coloured material up to 2m long within the grey matrix. The contact 
between the grey material and the volcanic rock is irregular, with the contact zone a 
mix of the two rock types, with rafts and blocks of the volcanic material and tongues 
of the black material occurring together (Plate 20.  1 have interpreted this grey 
material as a melange associated with thrusting. The base of the lower melange is in 
contact with the Dagshai Formation beneath, the top of the upper melange lies 
below the Jutogh nappe. 
I interpret from this sequence that, at this locality, the absence of the Krol 
nappe and the resting of the Jutogh nappe over the early Tertiary sediments is the 
result either of duplex formation or out-of-sequence thrusting, the final 
determination lying outside the scope of this project. The occurrence of a small 








Plate 2e: The lowest structural level Dagshai Formation separated from the Jutogh 
rocks by a melange of volcanic rocks (grey melange, green volcanics and red 
Dagshai are located in the accompanying sketch). S.E. lies to the right of the photo. 
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Plate 2f: The melange and volcanic rocks (as shown in plate 2e) in more detail. 
S.E. is to right of photograph. 
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2.2.2 The Intermediate Structural Level 
The intermediate structural level comprises, in the west, thin sequences (C. 30m 
total) of rocks of the Subathu and Dagshai formation s. In the east at Dogadda, this 
structural level comprises the Singtali Formation and a thicker succession of 
Subathu and Dagshai Formation sediments compared to the western localities. The 
base of the successions at both the eastern and western localities depositionally 
overlie the Krol nappe and could be correlated. Being a sedimentary contact, the 
base of the intermediate structural level is described in section 6A.2. At some 
localities (e.g. Barog near Bilaspur) the top of the intermediate structural level has 
been lost to erosion. Examples where this is not the case are given below and can be 
located on Fig. lb: 
at e.g. Subathu, Dogadda and Bhakalag near Simla, the intermediate level early 
Tertiary sediments are overthrust by a second imbriate of the Krol nappe. That 
imbricate consists of the Simla Slate at Subathu, the red Permian sandstone at 
Dogadda and the limestone at Bakhalag. The position of the intermediate structural 
section is illustrated in Fig. 2b(c), and a field sketch of the Bhakhalag area is shown 
in Fig. 2g. 
at Dharamkot near Dharamsala, the early Tertiary sediments lie unconformably 
over the limestones of the Krol nappe, similar to the situation as outlined in a), but 
the overlying thrust is not a second imbricate of the Krol nappe. Instead, there is a 
thin slice of green volcanic material similar to that described for Manji Khad above, 
and this is overlain by the Jutogh nappe. Unlike at Manji Khad, there is no melange 
material. Presumably, this sequence results from a similar scenario to that inferred 
for Manji Khad, involving duplex formation or out of sequence thrusting. 
2.2.3 The 'possible' highest structural level 
The 'possible highest structural level sediments consist of highly dismembered units 
of melange and clastics, rich in evaporitic material, lying beneath the Jutogh nappe. 
These evaporitic sediments are contentious on two counts. The age of the sediments 
is not clear. As described in section 4.1.3.2, some workers (Singh et al. 1979) 
believe that the sediments are not Tertiary, but are part of the basement nappe. 
Assuming that the sediments are Tertiary in age, their assignment to a structural 
level is ambiguous. In the following section, local description of the occurrence of 
these sediments is given, followed by the arguments for and against their inclusion 
into different structural levels. 
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Intermediate structural level Early Tertiary sediments 
Krol nappe limestone 
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Fig. 2g: Field sketch showing the position of the intermediate structural 
level Early Tertiary sediments at Bhakalag. 
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Some examples of the occurrence of the evaporitic early Tertiary sediments, 
the localities of which can be located on Fig. lb. are given below: 
on the road between Joginder Nagar and Mandi (Fig. I b), the contact between the 
early Tertiary rocks and the Jutogh nappe can be seen. Schists of the Jutogh nappe 
with well developed schistosity but no clear bedding, pass down into 5m of no 
exposure. Below this lies a fault breccia, lOm thick, which consists of schist clasts 
in a red muddy matrix. The matrix is a similar colour to that of the evaporite-rich 
early Tertiary sediments. Faint traces of bedding are visible. 	Below the fault 
breccia lies more coherent evaporite-rich early Tertiary sediments as described in 
section 7A.3. 
at Maigal, near Mandi, the base and the top of the evaporite-rich early Tertiary 
sediments are exposed. The early Tertiary sediments are thrust over the Siwaliks 
although the actual contact is obscured by a road. The top of the sequence is a 
melange, as described in section 7A.3, above which lies the Jutogh nappe. 
The evaporitic sediments are unlikely to be structurally equivalent to the 
intermediate structural level early Tertiary sediments because 
the intermediate structural level sediments always lie unconformably above the 
Krol nappe, whilst the evaporite-rich sediments are found thrust over the Siwaliks, 
never lying unconformably above the Krol nappe. 
intermediate structural level early Tertiary sediments are usually found beneath a 
second imbricate of Krol nappe (except for at Dharamkot, see above), whereas the 
evaporite-rich sediments are always found below the Jutogh nappe. 
The evaporitic sediments could either be structurally equivalent to the lowest 
structural level sediments, over which the Jutogh nappe has overridden, or they 
could be horses on the base of the Jutogh nappe. Neither model is conclusive but 
the following points can be made. 
1) the map outcrop as drawn on Fig. 2a suggests that the evaporite-rich sediments 
are a continuation of the lowest structural level early Tertiary sediments, however, 
the Jutogh thrust with horses of evaporite-rich sediments below, overriding the Krol 
nappe would also produce this pattern. In addition, it should be realised that Fig. 2a 
is a simplified map based on reconnaissance style field-work. The detailed map of 
Raiverman et al. (1983) does not lead the viewer to such a clear cut conclusion, 
since the additional thrusts and complexities shown on his map precludes a simple 
continuation of the strata. 
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in this study, no evaporite-rich sediments have been mapped below the Jutogh 
nappe when it overlies the Krol nappe. This would suggest that the evaporite-rich 
sediments were equivalent to the lowest structural level early Tertiary sediments. 
However, as evaporitic-rich sediments (interpreted as playa lake facies, see section 
7B.2.3.1) are a) likely to be localised facies and b), being soft, are more likely to be 
smeared along the base of a thrust than more typical Dagshai Formation lithologies, 
it is likely that the appearance of these sediments as horses on the bases of the 
Jutogh nappe will only be a localised occurrence. In addition, it should be 
remembered that mapping for this thesis was carried out a reconnaissance level and 
the Jutogh-Krol contact was only seen at a few localities. Evaporitic sediments may 
be present elsewhere. 
the very distinctive lithological change between the lowest structural level 
Dagshai Formation sediments and the evaporitic sediments could possibly imply 
that the rocks are of different structural levels. However, as already mentioned, 
playa lake facies are local facies and so the lithological change could be explained 
by lateral facies variations. 
there are no associated Subathu or Kasauli Formation rocks at the potential 
highest structural level and the succession is thin, which is a distinct difference from 
the typical lowest structural level sequences. However, there is no Kasauli 
Formation at the intermediate structural level, and the Subathu Formation could 
have been thrust out as, for example, seen at Tons Valley, Kalsi, where Dagshai 
Formation lithologies tectonically overlie Siwalik sediments. 
the evaporitic sediments are much more deformed than the typical lowest 
structural level sediments, with the frequent occurrence of melange. This might 
suggest that the rocks were dragged at the base of a thrust sheet, rather than being 
passively overthrust. However, the level of deformation could be lithology , related, 
with the more ductile evaporite-rich sediments being deformed to a higher degree. 
An element of soft sedimentary deformation is also possible, especially in view of 
the chaotic nature of some of the structures. 
comparison of the structural data shown on stereograms Figs. 2e & f shows that 
the stereogram patterns produced by the Krol nappe fold orientations (Figs. 2e(i-iii)) 
are uniform throughout but different from the stereogram pattern produced by the 
Jutogh nappe fold orientations (Fig. 20.  The lowest structural level sediments have 
fold orientations similar to the Krol nappe which overthrust them, but different from 
the Ji.itogh nappe (see Fig. 2h). In contrast, the evaporitic sediments have fold 
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Fig. 2h: Fold data for the Subathu Formation at the 
lowest structural level, locality L5 (see Fig. 2d). 
Fig. 2i: Fold data for the possible Early Tertiary 
sediments at the highest structural level, 
locality L6 (see Fig. 2d). 
Key for Figs. 2h & 2i. 
• fold hinge with anticlockwise rotation 
o fold hinge with clockwise rotation 
A fold hinge, no vergence observed 
• pole to axial plane 
[anti-clockwise rotation refers to the vergence 
direction, i.e. the direction of travel of the rock 
over the hinge line (anticlockwise or clockwise)] 
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orientations (Fig. 2i) that contrast with the lowest structural level sediments and the 
Krol nappe, but which are similar to the Jutogh nappe. It could be argued that these 
changes in structural orientations are the result of lateral variations in deformation 
patterns. This is possible, but it should also be noted that the Krol nappe has 
maintained a fairly constant deformation style throughout the areas visited in this 
study (Fig. 2d). 
In conclusion, it can be seen that there is no clear evidence for a definite 
decision. I consider point 6 to be the strongest evidence which would suggest that 
the evaporite-rich sediments should be allocated to a separate structural level. 
However, as can be seen from the points above, this should in no way be considered 
conclusive. The term 'possible third structural level sediments should be used and it 
should always be borne in mind that these highest structural level sediments may not 
actually be Tertiary aged and/or could be a facies variant of the lowest structural 
level early Tertiary sediments. 
2.3 Structure of the early Tertiary sedimentary rocks. 
Tectonism has affected all three formations, but the greatest deformation is found 
within the mudstone-rich Subathu and lower Dagshai Formations, as well as the 
highest structural level sediments, which I correlate with the Dagshai Formation (see 
section 3.3.2). In addition, although all the formations display folding, high-angle 
and overturned bedding and cleavage in places, these deformations are much more 
common in the Subathu and Dagshai Formations compared to the Kasauli 
Formation, presumably the result of the increased sandstone proportions in the 
Kasauli Formation and the resulting competence difference. 
2.3.1 Structure in the Subathu Formation 
The best example of the effects of deformation on the Subathu Formation can be 
found at Dhondan on the Bilaspur-Simla Highway, especially in the Badar Khad 
river bed (Fig. Ib). Here, shales and nummulitic limestones have been folded into 
near vertically bedded, metre-scale folds. The folds are tight to isoclinal and 
symmetrical. The hinge lines of the anticlines are often exposed and are near 
horizontal, whilst the axial planes dip steeply to the north-east and south-west. The 
marker horizon is a thick bed of limestone with Thalassinoides traces on the base. 
Fig. 2h shows the orientation and vergence directions of the folds plotted on a 
stereogram. Plate 2g shows a good example of a fold. A few hundred metres to the 
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l'late 2: Folds in the Suhathu Formation at Dhondaii ( lowest structural level). Last 
lies 	to 	the 	right 	of 	the 	photograph. 
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cliff face. Subsequent to folding, this area was subjected to dextral shear, evidenced 
by offset folds (metre scale offsets). 
In the uppermost Subathu Formation (i.e. near the top of the sequence, close 
to the transition to the Dagshai Formation) found near Bilaspur (Fig. Ib) and 
described in section 6A. 1 .2, the beds are quite highly deformed. Beds are 
continuous for less than lOm and a tectonic 'block in matrix' structure has developed 
with the more competent limestone beds having been pulled apart, either by 
shearing or extension, and surrounded by the less competent mudstone. 
Faulting in the Subathu Formation is discussed in section 2.3.4 
2.3.2 Structure in the Dagshai Formation 
Folding of the Dagshai Formation on a small scale can be seen at Dhondan (section 
2.3.4.2). Here, as illustrated by Plate 2h, 'S' folds can be seen to deform the 
sandstone beds. On a larger scale, folding can again be observed at Dhondan 
(section 2.3.4.2) and at Dagshai Cantt. (Fig. Ib) where, over a distance of 200m, an 
open fold is inferred on the basis of bedding attitude, way-up structures and a poorly 
exposed fold closure. At all other exposures, although bedding is often overturned, 
fold closures were not observed. 
A local tectonic 'block in matrix' structure is found at Tons Valley near Kalsi 
(Fig. I b) where a steeply dipping, mudstone rich part of the Dagshai Formation 
crops out. The region is heavily sheared with sandstone blocks up to 3m across 
surrounded by mudstone. This situation is also found in the Tal Valley near 
Rishikesh (Fig. I b) where sinistral shearing can be detected. Presumably the cause 
of the 'block-in-matrix' structure is shearing, although extension cannot be ruled out. 
In the highest structural level early Tertiary sediments, which I have 
correlated with the Dagshai Formation, deformation is much more pervasive. Plate 
2i illustrates the deformation which shows disharmonic folding and small scale 
faulting. Where the beds are slightly more coherent, the folds were measured. In 
general they are gently to moderately plunging, and moderately to steeply inclined. 
Fold measurements are shown on Fig 2i. 
Faulting within the Dagshai Formation is described in section 2.3.4 
2.3.3 Structure in the Kasauli Formation 
The sandstone-dominated Kasauli Formation is much less deformed compared to 
the Subathu and Dagshai Formations. Steeply inclined strata are only seen at 
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Plate 2h: Folds in the Dagshai Formation (lowest structural level) at Dhondan. S.W. 
is to right of photograph. 
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Plate 21: Collapse breccia. early Tertiary sediments in the highest structural level. 
Maigal. 
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Kumahatti near Dagshai Cantt. (Fig. I b) and overturned beds were only observed at 
Dharamsala. One possible fold occurs near Dalhousie but exposure is too poor at 
that locality for any convincing evidence to be deduced. 
2.3.4 Structure of the area at Dhondan on the Bilaspur-Simla Highway 
The structure of this particular section of the field area is important in determining 
the stratigraphical relationship between the green coloured Subathu Formation and 
the red coloured Dagshai Formation (see section 3.2). Until the work of Raiverman 
& Raman (1971) it was believed that the red Dagshai Formation stratigraphically 
overlay the green Subathu Formation (Medlicott 1865, 1879). However, Raiverman 
& Raman studied the area at Dhondan where the green Subathu Formation and the 
red Dagshai Formation are interleaved and concluded that the interleaving was due 
to facies intertonguing rather than isoclinal folding, as was previously believed 
(Pilgrim & West 1928). Consequently, they suggested that the stratigraphy of the 
Subathu and Dagshai Formations be revised to include the concept that the two 
formations were the same age and that the term 'Dagshai' be dropped entirely. 
Subsequently, Chaudhri & Pande (1976) remapped the area and considered that the 
repetitions of Subathu and Dagshai Formation were due entirely to faulting and 
Batra (1989) concluded, on the basis of a study of the faunal zones of the Subathu 
Formation, that the repetitions could be explained by folding and faulting. 
For this thesis, the area in question was remapped and afterwards the results 
were compared with those of Batra (1989) and Raiverman & Raman (1971). 
2.3.4. 1 Mapping techniques used for the study area at Dhondan 
Traditional mapping was unnecessary since the locations of the contacts between the 
Subathu and Dagshai Formations had already been mapped adequately by 
Raiverman & Raman (1971) and Batra (1989) (Fig. 2j(i)). The objective of the 
exercise was to discover the nature of these contacts, whether they were of 
sedimentary, or tectonic origin. Preliminary investigation showed that many of the 
Subathu - Dagshai Formation transitions were characterised by a distinctive suite of 
lithologies at the contact zone. These were termed the passage beds by Mathur 
(1979) since they mark the passage from marine Subathu Formation to terrestrial 
Dagshai Formation. They therefore imply a sedimentary contact. Any combination 
of these distinctive variegated mudstones, green sandstone and quartz-rich sandstone 
described in section 7A.1.1 mark such contacts. The lithologies present at each 
contact were mapped in detail. In addition, the area was searched for way-up 
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Fig. 2j: map (after Raiverman & Raman, 1971) and cross-section (my interpretation) 
of the area at Dhondan where the Subathu and Dagshai Formations are 
interleaved. G' and 'R' numbers in boxes relate to sequences as explained 
in the text, numbers in circles are contacts as explained in text and 'A and 
'B' are faults, again as explained in text. Younging directions are inferred 
younging based on all available evidence (see text). 
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structures and indications of faulting and folding. From these data, the structure of 
the area was interpreted. Fig. 2j(ii) is my interpretation of the structure of the area 
shown in map Fig. 2j(0. as described below. 
2.3.4.2 Description and interpretation of the contacts in the Dhondan section. 
On the map shown in Fig. 2j(i) each contact between the Subathu and Dagshai 
Formations is labelled from I to 10, every green Subathu Formation sequence is 
labelled with a symbol from GI to G6 and every red Dagshai Formation sequence is 
given a symbol from RI to R5. Each contact and sequence will be discussed in turn 
and, in subsequent sections, the work of Batra (1989) and Raiverman & Ranian 
(1971) will be compared to the observations made in this thesis. 
Sequence G6: A 7' fold was found within the Subathu Formation. 
Contact I: This contact was studied at two locations, one on the road (contact Ia) 
(Fig. 2k) and one to the north (contact Ib) (Fig. 21). At contact Ia there was no 
evidence of tectonism, implying a normal sedimentary contact. If the rocks were the 
right way up, Raiverman & Ramans hypothesis would be correct; if the sequence 
was inverted, Batra would be correct. On the basis of the presence of green 
sandstone which represents the transition beds, it could be interpreted that the 
uppermost Subathu Formation is found in contact with the Dagshai Formation 
below it and therefore the sequence is inverted. 
At contact lb. a similar sequence is seen, but there is evidence of faulting. 
On the fault plane there is hematite and calcite veining and fracturing. In addition, 
the angle but not the attitude of dip changes by 20 degrees across the fault. In spite 
of this faulting, the actual sequence remains unchanged; the transition beds are still 
present and an inverted sequence is inferred. Plate 2j shows the inverted and faulted 
contact. 
Contact 2: This is a normal right way up sedimentary contact which passes up from 
Subathu Formation, through the variegated shales and quartzite transition beds into 
the Dagshai Formation (Fig. 2m). The attitude of a rootlet bed confirms that this 
sequence is right way up. 
Sequence R5: Within this sequence there are a number of sedimentary structures 
(e.g. channel lag, cross-beds, rootlet beds, erosive bases with flutes and animal 
burrows) which indicate that both right-way-up and inverted beds are present. In 
addition, small 'S folds (Plate 2h) and clockwise-rotated stigmaria roots in right-
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Plate 2j : The i ri cited and tan Ited Suhathu - Daghai contact. marked a Contact I 
on Fig. 2j and described in the text (section 2.4.3.2). S.E. is to right of photograph. 
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Plate 2k: Rotated roots in the Dagshai Formation beds (see section 2.3.4.2, 
Sequence R5 for explanation). West is to right of photograph. Sequence youngs 
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Fig. 2k: Contact la as described in the text and located on Fig. 2j. 
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Fig. 21: contact lb as described 
in the text and located on Fig. 2j. 


















L•ueUuuuuUUeUsuua•IUmIsu•' I i 
Qj 
NE 
to the Dagshai 













auu.....pU V U. 
6m 
calcareous 
Fig. 2m: Contact 2 as described in the text and located on Fig. 2j. 
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Fig. 2n: Contact 3 as described in the text and located on Fig. 2j. 
NE 
to the Dagshai 
Formation 
SW 
to the Subathu 
Formation 
quartz veins perpendicular 
2m 	 to bedding 
Fig. 2o: Contact 4 as described in the text and located in Fig. 2j. 
Younging directions inferred from general stratigraphy 
(Key for Figs. 2m, 2n & 2o is given on page 47) 
EI 
no exposure, 20m 	perpendicular to bedding 	 gulley, >50m 
haematite & veining 	
Le lOm 	
no exposure & 
Fault B no expos 
Fault A 
Fig. 2p: section of the region from contact 7 to fault B as described 
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Fig. 2r: Section of the area between contacts 9 and 10 as described 
in the text and located on Fig. 2j. 
(Key for Figs. 2p, 2q & 2r is given on page 2-33) 
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The inverted contact at (1) and the right-way-up contact at (2) infer a fold 
between the two contacts. The presence of both right way up and inverted 
sedimentary way-up structures, and 'S' and 7 folds within the R5 sequence infers 
the presence of extensive minor parasitic folding within R5. 
Contact 3. No transitional passage beds were seen at this contact, and I interpret a 
small gulley in an area of poor exposure as being the result of faulting (Fig. 2n). 
This would leave sequence G5 as right way up with a faulted base and a 
sedimentary upper contact with the Dagshai Formation above. 
Contact 4: This appears to be a normal right-way-up transition from Subathu to 
Dagshai Formation, with the transitional passage beds present at the contact (Fig. 
20). Sequence R4 is therefore a right-way-up sequence with a normal sedimentary 
contact with the underlying Subathu Formation and an upper contact which is 
faulted against Subathu Formation rocks. 
Contact 5: This contact is obscured but a large gulley occurs between the two 
formations which I interpret as being indicative of a fault. 
Sequence G4: There is much internal folding over a small area in the region of 
Badar Khad, as described in section 2.3.1. It is therefore impossible to predict the 
way up at contact 5 in view of the lack of exposure in this area. The sequence is 
right-way -up at contact 4 as indicated by the presence of the transitional passage 
beds. 
Contact 6: This is an inferred faulted contact. There is no exposure. 
Sequence R3: To the north-east of contact 6 the Dagshai Formation youngs to the 
north-east i.e. right way up as implied from the presence of way-up structures (i.e. 
rootlet beds). 
Contact 7 and Sequences G3 & R2: To the south-west of contact 6, there is an area 
of no exposure, followed by the transitional passage beds and the Dagshai 
Formation (Sequence R2). From this I infer a normal sedimentary contact (contact 
7) from Subathu to Dagshai Formation, with the Subathu Formation cropping out in 
the area of no exposure (Sequence G3). Two faults are found within Sequence R2, 
labelled A and B on Figs. 2j(i) & 2j(ii). They serve to up-fault the transitional 
passage beds within the Dagshai Formation but they do not affect Subathu-Dagshai 
Formation relationships. This area is illustrated in Fig. 2p. 
Contact 8: This is a normal sedimentary contact from Subathu Formation 
(Seuuence G2) through the passage beds to the Dagshai Formation of Sequence R2. 
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Sedimentary structures in the form of a channel lag in the quartz-rich sandstone, 
confirms the right-way-up attitude of the beds. Continuing east into Sequence R2; 
just to the east of the passage bed with channel lag showing the right-way-up nature 
of the bed, there are more channel lags in the passage beds which show inversion of 
the strata. This sequence is folded and a parasitic fold nose was found. The 
complete folded sequence cannot be seen as the Subathu Formation has been faulted 
out by fault B. Fig. 2q illustrates the folded strata and the fold truncated by faulting. 
Contacts 9 & 10 and sequences GI & Ri: These contacts and sequences are shown 
in Fig. 2r. The basal Subathu Formation (Sequence Gi) has a thrusted base and then 
passes up in a sedimentary transition (Contact 10) via the passage beds into the 
Dagshai Formation. The Dagshai Formation is truncated at its upper contact by an 
inferred fault (Contact 9) which manifests itself as a wide gulley. 
2.3.4.3 Comparison with the work of Raiverman & Raman (1971) and Batra (1989) 
Contact 1, Sequences R5 & G6: Batra (1989) divided the Subathu Formation of this 
area into three faunal zones, the oldest zone being Zone 1, the youngest being Zone 
3. In Sequence G6, only Zone I is present, from which he deduced a faulted lower 
contact. The upper contact is obscured. This is consistent with my work as Batra's 
study locality is similar to my Contact lb locality, where a fault was recognised. 
This fault would be responsible for the removal of Zones 2 & 3 in my inverted 
sequence. At locality I a there is no evidence of faulting and so presumably, in this 
area, all three faunal zones would be present. 
Raiverman & Raman (1971) did not describe Contact I in detail. They 
merely noted that Sequence R5, in which, in contrast to myself, they have only 
observed right-way-up sedimentary structures, is overlain by Sequence G6. 
Contacts 2 & 3 and Sequences G5 & R4: Batra described Sequence G5 as having a 
faulted base (Zones I & 2 are absent) (Contact 3) and a sedimentary upper contact 
(Contact 2) with passage beds moving into the Dagshai Formation. This is in 
complete accordance with my interpretation of this sequence and contacts. 
In contrast to this, Raiverman & Raman are of the opinion that both contacts 
are sedimentary and gradational. Their rationale for believing that Contact 3 is 
sedimentary is that they found right-way-up sedimentary structures in R4 which 
would rule out an inverted section across the contact. They appear not to have 




Contacts 4 & 5 and Sequences G4 & R4: Batra believed that Sequence G4 is an 
overturned anticline. He based his conclusion on his data from the west of the area 
where Zone 3 is overlain by Zone 2 which is in turn overlain by Zone 1. However, 
he did comment that, due to lack of well preserved structures, detailed determination 
of stratigraphic younging was not carried out. 
On the basis of way-up-structures and visible hinge lines found in the Badar 
Khad River area, I have detected extensive folding and therefore it is inappropriate 
to give a younging direction for the whole Sequence based on one section. There is 
no exposure at the west of Sequence G4, but a faulted base (Contact 5) is inferred 
because of the presence of a large gulley. At the top of Sequence G4 (Contact 4), 
both Raiverman & Raman and Batra believed that the Subathu Formation passes up 
transitionally into the Dagshai Formation via the passage beds. This is in agreement 
with my work. 
Contacts 6 & 7 and Sequences R3 and G3: Batra believed that Sequence R3 is a 
syncline, but he gave no indication as to what this is based on. To the west of 
Contact 6, Batra described the Subathu Formation G3. This is red coloured Subathu 
Formation, where only faunal Zone 3 is found. As he noted that the contact to the 
west (Contact 7) is a sedimentary contact with passage beds to the Dagshai 
Formation (R3), it therefore follows that the lower fauna! zones (Zones I and 2) 
have been faulted from the east side of Sequence G3 (i.e. at Contact 6). This is in 
agreement with my interpretation of this contact. With respect to Sequence G3, 
these rocks were not identified by myself or Raiverman & Raman since they are red 
coloured and can therefore only be recognised as Subathu Formation on the basis of 
fauna! evidence. In spite of the lack of recognition of this sequence in my work, it 
can be seen that I do infer the presence of Subathu Formation in that region, the 
difference being that I assume it is unexposed. 
Raiverman & Raman believed that this area, stretching, as far as Fault A on 
Fig. 2j(ii), is a localised slip sheet (presumably meaning a landslide?) and that all 
the folds and faults found in this area are local contortions of this. They based their 
evidence on the low angle of dip in this area and they stated that to the north and 
south the regional dip differs from that found at this locality. The dips are indeed 
shallow in this area (less than 25 degrees), but in a region with this level of 
tectonism I do not think it is valid to compare regional dips, especially where there 
is no other exposure in the immediate vicinity. I cannot rule out the possibility that 
this area is slioned. but it seems unnecessary to resort to such an interpretation when 
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the beds fit into the regional structure without needing to resort to the presence of a 
slip-sheet to explain the outcrop pattern, as described in section 2.3.4.2. 
Contacts 8 & 9 and Sequence G2: Batra noted, that on the basis of his faunal 
studies, the lowest part of Sequence G2 is missing, and from this he deduced a 
faulted base (Contact 9). He concluded that the upper contact of Sequence G2 was 
transitional into the Dagshai Formation of Sequence R2 through the passage beds 
(Contact 8). His interpretations for both contacts are in agreement with mine. 
In contrast to this, Raiverman & Raman described the contact from Sequence 
RI to G2 over Contact 9 as perfectly normal and gradational. They say the same of 
Sequence G2's upper contact, which is in agreement with Batra and myself. 
Contact 10: Both Batra and Raiverman & Raman noted that there was a clear 
gradational sedimentary contact from Sequence G I to Sequence R 1, with Contact 10 
being represented by the passage beds. 
From the above, it can be seen that my work is at variance with Raiverman 
& Raman (1971), but that it corroborates an independent study by Batra (1989) 
(which I did not refer to until I had constructed my own section). Therefore, the 
structure of this type section, over which the Subathu-Dagshai Formation 
stratigraphy has been debated, shows that the Dagshai is a separate Formation which 
lies stratigraphically above the Subathu Formation. The Subathu and Dagshai 
Formations are not laterally intertonguing facies variants as postulated by 
Raiverman & Raman (1971). 
2.4 Summary 
The main objectives of the structural work in this thesis were to i) enable the 
determination of the relationship between the Subathu and the Dagshai Formations 
at Dhondan and ii) assign the early Tertiary sediments to different structural levels 
in the thrust stack. Completion of the first objective has enabled the correct 
stratigraphic positions of the Subathu and Dagshai Formations to be worked out, 
allowing facies and palaeogeographical aspects of the project to be achieved, whilst 
achieving the second objective has also led to more accurate facies and 
palaeogeographic pictures being produced. A small comparison of structures within 






In this chapter, the stratigraphy of the Singtali, Subathu, Dagshai and Kasauli 
Formations and the Siwalik Group will be presented, following, as far as is possible, 
the scheme of Hedberg (1976) and Holland et al. (1978). In this scheme, the age, 
rock type, name and synonymy, boundaries, correlation and type section are 
discussed for each formation in turn. Place names can be located on Fig I b and a 
summary of the stratigraphy can be found in Table 3a, below. 
TABLE 3A: SuMMARY OF STRATIGRAPHY 
FORMATION AGE SYNONYMS PAKISTAN NEPAL 
(local EQUIVALENT EQUIVALENT 
thickness)  
Siwalik Group Mid Miocene- Nahans Siwalik Group Siwalik Group 
early 
Pleistocene  
Kasauli Early Miocene Upper Dharamsalas, ? Kamlial ? Lower Siwalik 
Formation Infra-Nahans, Formation Formation 
(250m) Upper Murrees  
Dagshai Late Eocene - Lower Dharamsala, Lower Murrees Dumri Formation 
Formation Oligocene Murree Formation 
(350m)  
Subathu Late Palaeocene Kakara Formation is a Laki Series Bhainskati 
Formation • -Mid Eocene part of Subathu Formation 
(150m)  Formation  
Singtali Late Bansi unit, Lockhart Amile Formation 
Formation Cretaceous- Nilkanth Formation, Limestone 
(50m) Early Upper Tal 
Palaeocene  
3.1 Singtali Formation 
Age: Late Cretaceous-Early Palaeocene (Mathur 1977). See section 4.6.1 
Rock type: Limestônes; can be micritic, sparitic, oolitic or shelly. Sandstones; fine-, 
medium - and coarse-grained, calcareous and non-calcareous. Mudstones; grey 
coloured, calcareous and non-calcareous (see sections 5A. I & 5A.2 for a detailed 
sedimentological description). 
54 
Synonymy and discussion of early work: Previously this formation was termed the 
Bansi unit and was assumed to be the upper member of the pre-Mesozoic basement 
Tal Formation (Valdiya 1975). More recently however, fossil finds by Mathur 
(1979), Bhatia (1980) and Singh (1980) (described in section 4.1.1), indicate a Late 
Cretaceous - Early Palaeocene age and, on this basis, the formation has been renamed 
the Singtali Formation (Valdiya 1980). It was also termed the Nilkanth Formation by 
Azmi & Joshi (1981), the Bansi Formation by Valdiya (1980) and the 'Upper Tal' as 
defined by Mathur (1977) and Bhatia (1980). 
Name: The formation is named after the village of Singtali in Uttar Pradesh. 
Boundaries: According to Singh (1979), the basal contact of the Singtali Formation 
is an unconformity, under which lies the Maskhet Member quartzite of the Tal 
Formation which is of Pre-Mesozoic age. Singh based his conclusion on the 
presence of partly corroded quartz grains with secondary growth in the Singtali 
Formation (his Nilkanth Formation) which he interpreted as having been derived 
from the underlying quartzite after it had been lithified. From this he interpreted a 
sedimentary break. In contrast to this, Bhatia (1980) described the base of the 
Singtali Formation as being conformable with the quartzite member of the Tal 
Formation below. He argued that Singh's interpretation was untenable on the basis 
that the reworked quartz was only indicative of partial reworking of the 
uunconsolidated quartzite member under high energy conditions. Since Singh 
envisaged identical high energy conditions and environment of deposition for the 
overlying Singtali Formation, Bhatia argued that it was highly probable that 
sedimentation was continuous. 
The upper boundary of the Singtali Formation with the overlying Subathu 
Formation is also controversial. Most workers, for example Mathur (1977) and Azmi 
& Joshi (1981) proposed an unconformable contact, but others, for example Bhatia 
(1980) believed that the sequence is ;.conformable. This difference of opinion is 
based around the interpretation of a thin bed of laterite or ferruginous shale found at 
the Singtali - Subathu Formation boundary. Mathur (1977) interpreted this bed as 
indicative of a minor unconformity whilst Bhatia (1980) interpreted it as a hard-
ground. Bhatia believed that this hard-ground is part of the overall cyclic nature of 
the sequence, with the Singtali oolitic grain-stone shoaling up to culminate in the 
hard-ground. 
For a detailed sedimentologiëãt&scription ofthe contact, see Fig: 6f 
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Correlation. 	Valdiya (1980) suggested that the Singtali Formation may be 
equivalent to the Palaeocene Kakara Formation recognised by Srikantia & Bhargava 
(1967) in Himachal Pradesh. This is unlikely to be the case however, as the Kakara 
Formation is of Late Palaeocene age and is therefore equivalent to the lowest zone of 
Mathur's (1978) Subathu Formation. On a wider scale, the Amile Formation of 
Nepal, described by Sakai (1989), appears similar in terms of lithology and age, as 
does the Early-middle Palaeocene Lockhart Limestone of Pakistan described by 
Hussain et al. (1990). 
Type section and distribution: There are two type-sections for the Singtali Formation, 
the original type-section, designated as such when the formation was considered to be 
the Bansi member of the Tal Formation (see 'synonymy and discussion of early 
work', this section) and the redefined type section. The original section is found in 
the Tal Valley near Rishikesh (Fig. ib) and the redefined section is found at Singtali 
village in Uttar Pradesh. Distribution appears limited to the Lesser Himalaya within 
Uttar Pradesh, where sections can be seen in, amongst other places, the Ta! Valley 
near Rishikesh, Nilkanth, Dogadda and Bansi (Valdiya 1980) (Fig. Ib). 
3.2 Subathu Formation 
Age: Palaeocene-Mid Eocene (Mathur 1978). See section 4.6.2. 
Rock-type: I imestones, mudstones, siltstones and subordinate sandstones. Ool itic 
ironstone found at one locality (for a detailed description of the lithologies, refer to 
sections 6A. I and 6A.2). 
S'ynonymy and discussion of earlier work: The Kakara Formation in Himachal 
Pradesh was first described by Srikantia & Bhargava (1967). They distinguished it 
from the lithologically similar Subathu Formation of the same area, on the basis that 
the Kakara Formation was exclusively Palaeocene in age and that the Kakara 
outcrops were found at the intermediate structural level as opposed to the lowest 
structural level where the Subathu Formation is located (see section 2.2). In this 
thesis, the Kakara Formation is considered a part of the Subathu Formation. 
Name: The Subathu Formation is named after the village of Subathu in Himachal 
Piádesft. 
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Boundaries: Where the Singtali Formation is present, it forms the basal contact with 
the overlying Subathu Formation, although discussion exists as to the nature of this 
contact, as described in section 3.1. Where the Singtali Formation is absent, as is the 
case in most of the area, a non-thrust contact is only seen at the intermediate 
structural level in the nappe stack where the 'Kakara Formation' unconformably 
overlies the basement units (see section 6A.2). 
The nature of the Subathu Formation contact with the 'overlying' red Dagshai 
Formation is disputed. The' Subathu and Dagshai Formations are locally found 
intercalated and a debate ensued between Batra (1989) and Raiverman & Raman 
(1971) as to the nature of this intercalation. Batra believed that the intercalation is 
due to tectonics i.e. folding and faulting, and therefore the Dagshai Formation is 
younger than the Subathu Formation. Raiverman and Raman were of the opinion 
that the intercalations are of a primary sedimentary origin. In this case no tectonics 
would be involved and the Subathu and Dagshai Formations would be laterally 
equivalent intertonguing facies. Work for this thesis included detailed field mapping 
of Raiverman and Raman's field area and, making extensive use of way-up structures 
and marker beds, it is shown that the interleaving can be attributed entirely to 
tectonics (Fig. 2j). In addition, the interpretation shown in Fig. 2j(ii) agrees entirely 
with the independent palaeontological study of the area carried out by Batra (1989). 
A more detailed description of this field work and interpretation of the area is given 
in section 2.3.4. Where the area is less tectonised, the contact is found to be 
relatively sharp, but conformable, with a c. 15m transitional zone between the two 
formations. This 'conformable' view is supported by some workers, for example 
Bhatia & Mathur (1965) and Chaudhri (1968, 1976) but disputed by others, for 
example Wadia (1975) and Krishnan (1982) who favoured a period of non-deposition 
between the Subathu and Dagshai Formations. 
Detailed sedimentological descriptions of the contacts are given in section 7A. 1.1. 
Finally, work for this thesis also involved palaeomagnetic dating of the Dagshai 
Formation (see section 4.3.2) which shows that the Dagshai Formation is younger 
than the Subathu Formation and therefore intercalations are the result of tectonism, 
and also that the Subathu-Dagshai contact cannot represent a long time gap. 
Correlation: The Subathu Formation can be correlated with the Laki Series in 
Pakistan (Chaudhri 1968), and the Bhainskati Formation in Nepal (Sakai 1989). 
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Type section and distribution: The type section is at Subathu township in the Simla 
Hills, Himachal Pradesh (Fig. ib). Distribution is widespread, stretching as a 
discontinuous narrow band, less than 15 km across, throughout much of the Lesser 
Himalaya of India, Pakistan and Nepal. 
3.3 Dagshai Formation 
Unlike the Singtali, Subathu and Kasauli Formations, the Dagshai Formation is 
found at a third (highest) structural level (section 2.2), the Dagshai Formation at this 
level being significantly different from the Dagshai Formation at the lower and 
intermediate structural levels. On this basis, I have described the stratigraphy of the 
highest structural level separately and therefore this section is split into two sub-
sections, namely sub-section 3.3.1 (lowest and intermediate levels) and 3.3.2 (highest 
structural level). 
3.3.1 The Dagshai Formation found at the lowest and intermediate structural 
levels 
Age: Disputed, see section 4.1.3.1 On the basis of palaeomagnetic, lithostratigraphic 
and Ar-Ar dating work carried out for this study, an Oligocene age is assigned to the 
formation (see section 4.6.3). 
Rock type: red sandstones, siltstones, mudstones and caliche. A more detailed 
sedimentological description is given in sections 7A. I and 7A.2. 
Synonymy and discussion of earlier work: The Dagshai Formation is also called the 
lower Dharamsala Formation in the region of Dharamsala village, Himachal Pradesh 
(Gupta & Thakur 1974; Loyal & Gupta 1990), and the Murree Formation in Jammu 
and Kashmir (Razdan & Dhir 1989). 
Name: The Dagshai Formation is named after the village of Dagshai in Simla Hills, 
Himachal Pradesh (Fig. Ib). 
Boundaries: The basal contact of the Dagshai Formation with the Subathu Formation• 
is the subject of much discussion as has been noted in section 3.2. The upper 
boundary with the overlying Kasauli Formation is conformable and gradational, with 
a gradual increase in % sandstone throughout the Dagshai Formation sequence and 
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into the Kasauli Formation sequence, e.g. as seen along the Dagshai - Nahan highway 
(Fig. Ib). 
Correlation: The Dagshai Formation can be correlated with the Dumri Formation in 
Nepal (Krishnan 1982; Sahni 1953; Gansser 1964; Sakai 1989) and with the lower 
Murrees of Pakistan (Gansser 1964; Sakai 1989). 
Type section and distribution: the type section can be seen at Dagshai village in the 
Simla Hills, Himachal Pradesh (Fig. Ib). Distribution of the Dagshai Formation is 
extensive in the Lesser Himalaya of Himachal Pradesh where it occurs as a thin 
discontinuous band (less then 5 km across) running parallel to the mountain belt. In 
Uttar Pradesh, no outcrops are found east of the Yamuna river (Fig. ib) (Bhatia 
1982). 
3.3.2 Possible Dagshai Formation at the highest structural level 
Age: Disputed (see section 4.1.3.2). 	Chakraborty et al. (1963) proposed an early 
Tertiary age, whilst Singh et al. (1979) put forward a pre-Tertiary, possibly Upper 
Palaeozoic age. 
Rock type: Micro-conglomerate, sandstone, red mudstone, micrite, calcarenite, 
gypsiferous marl and melange. Much of the rock is salt-encrusted. See section 7A.3 
for more detail. 
Boundaries: This unit is considered to be imbricates at the base of the over-thrusting 
Jutogh nappe and the contacts are entirely tectonic. The basal contact, although not 
visible at the surface, must be a thrust or fault as it brings the unit and the overlying 
Jutogh rocks over the underlying younger Siwalik Group. The upper contact consists 
of a zone of melange lying beneath the overlying Jutogh nappe. 
Correlation: Chakraborty et al (1963) noted that evaporites have been found in the 
upper part of the Ranikot in Pakistan, and on this basis they have correlated the two 
units. Assuming an early Tertiary age, I have tentatively correlated this unit with the 
Dagshai Formation on the basis of the similarities in colour and possible facies. 
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Type section and distribution: No type section exists for this unit. It is found as 
small discontinuous patches beneath the Jutogh thrust, in the region between 
Dharamsala and Mandi (Chakraborty et al. 1963). 
3.4 Kasauli Formation 
Age: Early Miocene (Fiestmante! 1882; Sahni 1953), see section 4.6.4. 
Rock type: grey sandstones siltstones and mudstones. Refer to section 8A.l for a 
more detailed sedimentological description. 
Synonymy and discussion of earlier work: The Kasauli Formation is also termed the 
Upper Dharamsalas (Loyal & Gupta 1990), the Infra-Nahans (Gansser 1964), and the 
Upper Murrees (Gansser 1964). 
Name: The Kasauli Formation is named after the village of Kasauli in the Simla 
Hills, Himachal Pradesh (Fig. Ib). 
Boundaries: The lower contact of the Kasauli Formation with the Dagshai 
Formation is conformable and gradational, as described in section 3.3. In the main 
field area of this study, the upper sedimentary contact of the Kasaüli Formation was 
never seen, the boundary being always thrusted. Raiverman et al. (1983) mapped 
extensively to the east of my study area, and their work, plus a reconnaissance for 
this thesis suggests that the Kasauli Formation equivalents in that area pass 
conformably up into the Lower Siwalik Formation. 
Correlation: Gansser (1964) correlated the Kasauli Formation with the upper part of 
the Murree Formation in Pakistan. Another possibility involves the Kamlial 
Formation which was originally classified as the basal unit of the Siwalik Formation 
(Pilgrim 1913) but later Cotter (1933) suggested that the Kamlial Formation should 
be grouped with the Murree Formation to form the Rawalpindi Group. Although this 
suggestion was accepted by the stratigraphic committee of Pakistan, confusion still 
exists within the literature as to whether the Kamlial stage' is assigned to the Murree 
Formation/Rawalpindi Group or the Siwalik Formation. It is possible that the 
Kasauli Formation is equivalent to the Kamlial Formation in Pakistan, but whether 
that would attributethe--Kasau1i Eormationtothe Siwaliks or the Murrees remains 
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unclear. In Nepal, no Kasauli equivalents are found, as the sequence moves up 
directly from the red beds of the Dumre Formation to the Lower Siwalik Formation. 
It should be noted that personal communication with both R. Yeats regarding 
Pakistan, and J. Cater with respect to Nepal suggests that in both these countries the 
Kasauli Formation would be regarded as part of the Siwalik Group. 
The upper contact with the Siwalik Group is discussed in Section 3.5. 
Type section and distribution: The type section for the Kasauli Formation is at 
Kasauli village in the Simla Hills, Himachal Pradesh (Fig. Ib). Distribution is 
limited. Kasauli Formation sensu stricto is concentrated in the Simla Hills area. This 
study found it stretching as far west as Bilaspur and as far east as Nahan. Kasauli 
Formation equivalents mapped by Raiverman et al (1983) stretch further west to the 
boundary of Jammu & Kashmir. 
3.5 Siwalik Group 
Age: Middle Miocene to early Pleistocene (e.g. Johnson et al. 1985). 
Rock type: conglomerates, sandstones and mudstones. 
Synonymy and discussion of earlier work: The Siwalik Group can be divided into the 
Lower -, Middle - and Upper Siwalik Sub-groups. The Lower Siwaliks are also 
called the Nahans (Gansser 1964). These three sub-groups also have many local sub-
divisions. 
Name: The Siwalik Group is named after the Siwalik Hills where the rocks crop out. 
These hills are named after the Hindu deity, Shiva. 
Boundaries: The Siwalik Group's lower contact with the underlying Dharamsalas 
(i.e. Murrees I Kasauli Formation) is conformable (Parkash 1980). The upper contact 
with the overlying 'post Siwaliks' (Gansser 1964) is unconformable (Parkash 1980). 
There are many local names for the post Siwaliks'. 
Correlation: The name Siwalik is used for equivalent rocks throughout Pakistan, 
India and Nepal. 
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Type section and distribution: The Siwalik Group is found as a thick band (up to 75 
km across) beneath the Main Boundary Thrust. It makes up the majority of the rocks 
of the Sub Himalaya. No type section exists as such for the Siwalik Group, but there 
are many local sub-divisions, each with their own type section. 
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Chapter 4 
Dating the Sediments 
CHAPTER 4 
DATING THE SEDIMENTS 
Biostratigraphic, lithostratigraphic, palaeomagnetic, isotopic and diagenetic dating 
methods have all been used in an attempt to date the formations, with varying levels 
of success. In this chapter, each dating method used, by others and by myself, is 
discussed in turn, with its application in determining the age of each formation. 
4.1 Palaeontology and palynology 
4.1.1 Singtali Formation 
Previous work 
Much controversy exists over the age of the Singtali Formation due to contradictory 
fossil finds. Kalia (1972, 1976) reported fusilinids and Late Permian algae from this 
formation and Mehotra et al. (1976) also described the occurrence of Permian algae 
as well as two Palaeozoic bryozoan genera - Rhombopora and Rhabdomeson. Later, 
however, it was concluded that these identifications were erroneous (Bhatia 1980). 
The weight of evidence has now shifted the age of the Singtali Formation to Late 
Cretaceous - Early Palaeocene on the basis of the discovery of the following fossils 
of that age: Bhatia (1980) reported calcareous algae (Archaeolithothamnium sp., 
Halimeda sp. & Neomeris sp.), Hydrozoa (Millepora sp.), Bryozoa (Diplocava sp. & 
Corymbopora sp.), Foraminifera (Edomia sp. & Diclyconus sp.) and echinoid spines 
of the Order Camarodonta, and Singh (1980) identified Globotruncana, Hetrohelix 
and Hedbergella. From these finds, the authors deduced a Late Cretaceous age. 
Mathur (1977) deduced a Late Cretaceous - Early Palaeocene age for the Singtali 
Formation on the basis of the presence of Molluscs Turritella vredenburgi and 
Turritella pustulosa which are also found in the Cardita beaumonti beds of similar 
age in Pakistan. 
Work for this study 
No attempt was made during this study to expand on the dating undertaken by 
previous workers. 
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4.1.2 Subathu Formation 
Previous work 
Mathur (1978) defined the base of the Subathu Formation as Late Palaeocene, based 
on the reported occurrences of Nummulites wadiai, N. planularus, Ranikothalia sp., 
Lockhartia haimei, Dictyoconoides flemingi, Dictyokathianadadhuensis sp., 
Operculina patalaensis and Nummulites mamilla, and the top of the Subathu 
Formation as Mid-Late Eocene on the basis of Nummulites beaumonti, N. stamineus, 
Assilina orientalis, A. spira and Dictyioconoides cooki. Within the Subathu 
Formation he delineated nine zones on the basis of fauna and lithology; 
-Zone I contains the foraminifera Operculina patalaensis and Nummulites mamilla 
from which he deduced a Late Palaeocene age. This zone is equivalent to the Kakara 
series of Srikantia & Bhargava (1967) in which the Palaeocene Ranikothalia was 
found. 
-Zones H-IV: Zone H contains the foraminifera Nummulites atacicus and Assilina 
granulosa which indicate the beginning of the Early Eocene. Fossils characteristic of 
the late Ypresian are found in Zone V and from this Mathur tentatively assigned an 
early Ypresian age to Zones II-IV. 
-Zone V contains the fossil Assilina granulosa var. chumbiensis which Mathur 
described as a characteristic late Ypresian species. 
-Zones VI-JIX: Zone VI contains Assilina spira which suggests the start of the 
Lutetian and Assilina mamillata of late Ypresian to early Lutetian age has been found 
in Zone VII. Therefore, these two zones may be given an early Lutetian age. The 
overlying zones Vifi and IX are lacking any characteristic larger foraminifera, but 
Zone IX contains the gastropods Bulinus eamesi and Planorbis sp. which are found 
in the equivalent Pakistani beds of early Lutetian age. From this evidence, Mathur 
deduced an early Lutetian age for Zones VIII and IX. 
Work for this thesis 
Of the Subathu Formation samples submitted to Geochem Ltd. for palynological 
analysis, identifiable pollen was found in only one sample, which was collected from 
the intermediate structural level. The angiosperm Psilatricolporopollenites sp. was 
found in abundance, but the age range is Late Cretaceous/Tertiary. In addition, 
fungal spores attributable to Locrimasporinites sp. were found. This species has only 
been recorded from the Palaeogene (pers. comm. J. Goodall 1991), but the group has 
not been worked on in great detail and the range is tentative. 
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4.1.3 Dagshai Formation 
4.1.3.1 Lowest and intermediate structural levels of the Dagshai Formation 
Previous work 
No stratigraphically significant fossils have been found in the Dagshai Formation and 
palaeontological control is, therefore, poor. A few finds have been reported however 
from the correlative Dumri Formation of Nepal (section 3.11) and the Murree 
Formation of Pakistan (section 3.3.1). A confidential oil company report assigns a 
possible pre-Miocene (i.e. Palaeogene) age to the Formation in Nepal on the basis of 
palynology. It notes, however, that the rare palynomorphs, which appear to represent 
angiospermous elements, are poorly preserved, and in view of their low frequency 
they could be contaminants. Therefore, they cannot be relied upon for conclusive 
age determinations The Murree Formation of Pakistan is more complicated, since it 
is probably correlative with both the Dagshai and Kasauli Formations (sections 3.3 
and 3.4). Pilgrim (1910) assigned an Early Oligocene - Mid Miocene age to the 
Murree Formation after finding mammal remains of Anthracotherium bugtiense, 
Brachyodus africanus and Telocerasfatejangense. 
Work for this thesis 
Palynological dating was attempted by Geochem Ltd., but all the samples were 
barren and too oxidised to be of any use. 
4.1.3.2 Probable highest structural level of the Dagshai Formation 
Previous work 
Chakraborty et al (1963) note that the Oil & Natural Gas Commission of India 
assigned an early Tertiary age to this unit, on the basis of a study of 'polospores' 
found in salt marl. Unfortunately, the identities of the specific 'polospores' found 
were not mentioned. In contrast, Singh et al. (1979) described ten species of 
acritarchs referable to eight genera (i.e. Fibularix, Protosphaeridium, Caelestites, 
Leptonia, Bavlinella, Granomarginata, Veryhachium and Anguloplanina) which they 
found in carbonaceous bands within the salt sequence. From this they deduced that 
the sediments appear to be as old as Precambrian. However, it should be noted that 
the microconglomerates of this salt sequence contain clasts derived from the Shah 
Limestone (part of the Krol nappe) of Precambrian to Palaeozoic age, and that the 
authors described a similar palynological assemblage from these clasts as from the 
carbonaceous bands (as described above). Although the authors cited one example of 
a spore, found within the salt sequence.unit, that does not exhibit any character of 
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reworking or contamination from the outside' the possibility of reworking cannot be 
ruled out. Indeed, a surface sample representing somewhat similar facies of Eocene 
age in Nepal contains palynomorphs of two distinct ages; the more abundant darker 
spores are of Palaeozoic, probably Early Carboniferous age, and the lighter pollen 
grains are of Palaeogene derivation. The confidential oil company report suggests 
that the Palaeozoic palynomorphs are probably reworked from older strata. 
Therefore, it seems most likely, but not conclusive, that the rocks are of Palaeogene 
rather than Palaeozoic age. 
Work for this thesis 
Palynological dating was attempted by Geochem Ltd., but all the samples were 
barren and too oxidised to be of any use. 
4.1.4 Kasauli Formation 
Previous work 
Fiestmantel (1882) and Sahni (1953) report the occurrence of the plant remains, 
Sabal major, from which they infer an Early-Mid Miocene age. As mentioned in 
section 4.1.3, the Murree Formation of Pakistan, which can be correlated with the 
Dagshai and Kasauli Formations has yielded fossils of an Early Oligocene to Mid 
Miocene age. 
Work for this thesis 
Seven samples of the Kasauli Formation were analysed for palynomorphs, but all 
were barren. 
4.2 Lithostratigraphy 
This indirect method for inferring age is only necessary and possible for the Dagshai 
Formation. 
Previous work 
Controversy exists as to whether the basal contact of the Dagshai Formation is 
conformable or unconformable with the underlying Subathu Formation or even if the 
two formations stratigraphically intertongue (see section 3.2) Those that believe in 
stratigraphic intertongueing will deduce an Eocene age for the Dagshai Formation. 
Those that propose an unconformable contact assume that the entire Oligocene is 
missing and the Dagshai Formation is therefore of Miocene age. Those that believe 
the contact is conformable propose that as there is no evidence of an unconformity 
betwecn th Sub Thu and Dagshai Formation, the base of the Dagshai Formation 
should follow on from the Subathu Formation without a time gap. The base of the 
Dagshai Formation would therefore be of Late Eocene age. The top of the Dagshai 
Formation is conformable with the overlying Kasauli Formation of probable Early-
Mid Miocene age and so, on the same basis as that used above, the top of the Dagshai 
Formation would be of Early Miocene age. 
Work for this thesis 
As described in section 2.3.4, the Subathu and Dagshai Formations are not 
stratigraphically intertongued, any interleaving is due to tectonics. In addition, there 
is no evidence of unconformity between the Subathu and Dagshai Formations. On 
lithostratigraphic grounds, the work for this thesis upholds the view of a Late Eocene 
to Oligocene age for the Dagshai Formation. 
4.3 Palaeomagnetism 
Previous work 
Preliminary palaeomagnetic work was carried out by Gautam (1989) on the Dumre 
Formation of Nepal, the probable equivalents to the Dagshai Formation (section 
3.3.1). Although no stability tests were possible, as the bedding was monoclinal and 
all the polarity was reversed, if primary magnetisation is assumed, he estimated an 
age of 40 Ma based on the Indian plate APWP of Klootwijk et al. (1985). Using 
Besse & Courtillot's APWP (1991), an age of 46 ± 6 Ma would be obtained. 
It should also be noted that Johnson et a! (1985) dated the Kamlial and 
Siwalik Formations in Pakistan using magnetostratigraphy. If the Kasauli Formation 
is equivalent to the Kamlial Formation (see section 8C.3.1), then it could be 
correlated with the magnetostratigraphic age of 18.3 m.y to 14.3 m.y. assigned to the 
Kamlial Formation. 
Work for this thesis 
(This work was carried out in conjunction with Randolph Enkin of the Pacific 
Geoscience Centre, British Columbia, Canada. I evaluated and interpreted the field 
localities and collected the samples. Dr. Enkin analysed the rocks and interpreted the 
results at the Pacific Geoscience Centre. The methodology and techniques used by 
him in this study are given in Appendix A.) 
A palaeomagnetic study was carried out for this project in the hope that 
accurate dates could be obtained for the Dagshai and Kasauli Formations. To this 
end, six Dagshai Formation sites, seven Kasauli Formation sites and four Subathu 
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Formation sites (to be used as a control) were identified, and between four and six 
oriented hand samples collected from each of these. The sites were too deformed to 
permit a magnetostratigraphic study. Instead, the palaeomagnetic inclinations of the 
specimens were measured and the age deduced from these data. The rationale behind 
this technique is that the time-averaged inclination of the geomagnetic field varies 
with geographic latitude. Since the break-up of Gondwanaland in the Jurassic, India 
has been drifting rapidly northward at rates of up to 17cm/yr. (Besse & Courtillot 
1988). Therefore, as the latitude has changed over time, the magnetic inclination has 
also changed and rocks on the Indian plate formed at that time would acquire stable 
magnetic remanence parallel to the ambient magnetic field. Thus, measuring the 
palaeomagnetic inclination of the rocks gives palaeolatitute, except for if the rocks 
are allochthonous. In these circumstances, as is the case for the Himalayan foreland 
basin rocks, the distance and direction of travel must be estimated and the rocks 
restored accordingly. Palaeolatitude can then be converted to estimated age using an 
apparent polar wander path (APWP) for the Indian plate. In this study, the APWP of 
Besse & Courtillot (1991) is used. 
In the laboratory, at least two cores were drilled from each hand sample, 
which were demagnetised with a minimum of six steps to at least 60mT or 600°C. 
Reversal and fold stability tests were also carried out. 
4.3.1 Subathu Formation (the control) 
The palaeomagnetic work carried out for this thesis was done mainly with a view to 
dating the Dagshai and Kasauli Formations (sections 4.3.2 & 4.3.3). Samples from 
the Subathu Formation were intended as a control for the palaeomagnetic method, 
since the biostratigraphical dating for the Subathu Formation is adequate (see section 
4.1.2). 
The samples from the Subathu Formation were mainly incoherent with more 
present field overprint than any other geomagnetic signature. One site was usable, 
however, and although it has no stability tests, low unblocking temperatures and a 
large degree of uncertainty, a calculated age of 60.0 ± 6.4 Ma fits in well with the age 
assigned to this formation by palaeontology. 
4.3.2 Dagshai Formation 
An adequate number of specimens from the Dagshai Formation behaved in a 
coherent manner, with small present field overprints removed by 200°C, high final 
unblocking temperatwies - nd ckar 1acmagnisation comnonents directed 
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towards the origin. Both the fold test and the reversal test for stability were passed. 
From the inclinations measured, an age of 35.5 ± 6.7 Ma is estimated (Najman et al. 
1994). 
4.3.3 Kasauli Formation 
Samples from the Kasauli Formation were very weakly magnetised and incoherent. 
None of the sites had any between-sample coherence and were therefore unsuitable 
for palaeomagnetic study. 
4.4 K-Ar dating of diagenetic illite 
Work for this thesis 
This method involves the separation of pure diagenetic illite from the sample and its 
subsequent dating using K-Ar. The age obtained is the timing of diagenesis. 
Appendix B details the methodology used to separate the illite. The aim of 
the separation is to obtain the <0.1tm fraction of the sample, since the <0.2 J.tm 
fraction should be diagenetic (i.e. not detrital) illite (Clauer 1982). Unfortunately 
this fraction was not present in the samples, and the next smallest size fraction, <0.5g 
m contained chlorite contamination in addition to illite. Therefore, it was not 
possible to date these samples using this method. 
4.5 40Ar-39Ar dating of detrital muscovites 
Single crystals of detrital muscovite were separated from Dagshai and Kasauli 
Formation sandstones and dated using 40Ar-39Ar isotopic techniques (see appendix 
Q. The age thus obtained is interpreted as the time at which the muscovite last 
cooled through its closure temperature (350°C). I have used this technique primarily 
to characterise provenance of the sediments and the timing of uplift, and hence the 
detailed work is described in sections 10.3.8.1 and 11.3.1. However, the work has 
had spin-offs for the constraint of the timing of deposition of the sediments. 
Table lOd shows the dates obtained for single grains of mica from the 
Dagshai and Kasauli Formations. Leaving aside data from Hm90-29F, for reasons 
explained in section 10.3.8.1, we can see that the youngest mica age in the Dagshai 
Formation is 26.57 Ma (sample 91-12G) and the youngest mica age from the Kasauli 
Formation is 22 Ma (sample 91-9B). The Dagshai Formation must therefore be at 
least as young as 26.57 Ma and probably a little bit younger, in order that the mica 
had sufficient time to cool through 350°C in the source area, be uplifted to the 
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surface and be deposited in the foreland basin. The Kasauli Formation must be at 
least a little younger than 22 Ma using the same logic. 
4.6 Discussion and summary 
4.6.1 Singtali Formation: 
A Late Cretaceous - Early Palaeocene age is deduced on the basis of palaeontology. 
4.6.2 Subathu Formation: 
On the basis of palaeontology, the Subathu Formation is thought to have been 
deposited between Late Palaeocene and Mid Eocene times. 
4.6.3 Dagshai Formation: 
At first glance it would appear that the dates obtained using Ar-Ar dating of detrital 
muscovites and the age obtained using palaeomagnetic methods are incompatible for 
the Dagshai Formation. The palaeomagnetic method gives a date of c. 35 Ma, the 
Eocene-Oligocene boundary, whilst Ar-Ar dating of micas indicates a 26 Ma date, 
the Late Oligocene. However, it should be remembered that the palaeomagnetic 
samples required fine-grained material and hence collection of samples was biased 
towards the older part of the Dagshai Formation sequence which is siltstone and 
mudstone rich. In contrast, the mica samples were collected from the coarsest• 
samples available. The coarsest sandstones are found in the upper part of the 
Dagshai Formation sequence, and no muscovites were recovered from lower in the 
sequence. Hence it should be interpreted that the older age, derived using 
palaeomagnetic methods, relates to the lower half of the sequence whilst the age 
derived by mica dating relates to the upper part of the sequence. 
Using these data and that from the lithostratigraphy (section 4.2), I conclude 
that the Dagshai Formation is Oligocene aged, the base being of approximately Late 
Eocene age, the top of the sequence being approximately synchronous with the 
Oligocene-Miocene boundary at c. 22 Ma when the lowest Kasauli Formation was 
deposited. 
4.6.4 Kasauli Formation: 
Constrained by the palaeontology and the mica dating, the Kasauli Formation is of 
Early-Mid Miocene age. I would define the base of the Kasauli Formation as 
coinciding with the Oligocene-Miocene boundary (ca. 22 Ma). I place the top of the 
Kasauli Formation at 18 Ma, on the basis that the base of the younger Kamlial 
70 
Formation of Pakistan, dated using magnetostratigraphy is assigned that date (see 
section 8C.3.I). 
The ages of the sediments are summarised in Table 4a, below. 
TABLE 4A: SUMMARY TABLE OF THE AGES OF THE SINGTALI, SUBATHU, DAGSHAI 
AND KASAULI FORMATION SEDIMENTS. 
FORMATION AGE 
Kasauli Formation Early Miocene 
Dagshai Formation Late Eocene - Oligocene 
Subathu Formation Late Palaeocene - Mid Eocene 
Singtali Formation Late Cretaceous - Early Palaeocene 
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Chapter 5 
The Singtali Formation 
Lithologies & Facies 
CHAPTER 5 
THE SINGTALI FORMATION: LITHOLOGIES & FACIES 
In this chapter, the lithologies of the Late Cretaceous-Palaeocene Singtali Formation 
will be described (part A), and the facies will be discussed and interpreted (part B). 
For a review of Singtali Formation age data and stratigraphic context, see sections 
4.1.1 and 3.1 respectively. 
PART A: LITHOLOGIES OF THE SINGTALI FORMATION 
5A.1 Previous work 
Mathur (1977) described the Singtali Formation (which he called Members 3 & 4 of 
the Ta! Formation) as 'compact shelly and frequently oolitic and arenaceous 
limestone with broken shell fragments, oysters, Cerioporids, echinoids and algae', 
overlain by 'greenish grey shale with lenses of fossiliferous limestone'. The rocks 
have also been described as oolitic shelly limestone and bioclastic grainstone (Bhatia 
1980) and oosparite (Bassi & Vatsa 1971). Bassi & Vatsa (197 1) studied the oolites 
in detail and reported that the rock, which should be termed a calcarenite, consisted 
of calcareous oolites, quartz, rock and shell fragments and rare tourmaline, calcite, 
siderite, chlorite and pyrite grains embedded in coarse sparry calcite cement. The 
oolitic nuclei were composed of quartz (65%), cryptocrystalline carbonate (20%), 
calcite (9.3%), shell fragments (2%), siderite (1.2%), chlorite (1.0%) and others 
(1.5%). Chemically, the rock contained up to 66% CaCO3, less than 4% MgCO3 
and up to 33% detrital quartz [presumably S102 content] and other insoluble residue. 
Palaeontological finds included cerioporid bryozoa, hydrozoa, calcareous algae, 
echinoid spines, oysters, foraminifera, gastropods (e.g. Turritella vredenbergi sp., T. 
pustulosa sp.) and broken shell fragments (Mathur 1977). 
5A.2 Work for this thesis 
During this study, a section of the Singtali Formation was logged at Dogadda (Fig. 
5a); Dogadda can be located on Fig. lb. 
Fig. 5a shows the Singtali section that I logged at Dogadda. The base of the section 
is not exposed there, whilst the top of the formation grades conformably into the 





















Fig. 5a: Log showing the lithologies of the Singtali Formation at Dogadda 
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interbedded, thin- to thick-bedded, shelly, often oolitic limestone, micritic limestone, 
fine- to coarse-grained, usually calcareous, sandstones and subordinate grey 
mudstone, found both as calcareous and non-calcareous varieties. Parallel 
laminations are common. 
In thin section it can be seen that there are varying amounts of sandy material 
and, largely unstrained, oolitic material. The calcareous sandstone consists of 
approximately 60% subangular to rounded quartz grains, with the majority of the 
remainder being sparry calcite cement. A few ooids are found, usually with quartz, 
calcite or cryptocrystalline carbonate nuclei. Rare glauconite, tourmaline and opaque 
minerals also occur. The rock is unfossiliferous. A second sandstone shows a 
significantly higher proportion of ooids and sparry calcite cement, with the ooids 
proportionally dominating over the quartz grains. This rock type also displays 
dolomite rhombs, as well as reworked micrite clasts within which are found quartz 
fragments and ooids. This rock is again unfossiliferous. A thin section from an 
oolitic limestone shows a fine sparite with ooids dominating the rock and with quartz 
as a minor component. These quartz grains are smaller than those found in the 
previous two rock types described above. Reworked lithic fragments are again 
present, with the clast containing zircon as well as opaques and quartz. This 
lithology is fossiliferous, and broken fragments of bryozoa and bivalves were lound, 
the latter sometimes being surrounded by micrite envelopes. Micritic limestone is 
also present in the sequence and this was found to be unfossiliferous. Plate 5a shows 
a typical Singtali Formation rock in thin section. 
PART B: FACIES INTERPRETATION 
5B.1 Previous work 
Singh (1979) interpreted these lithologies as indicative of deposition in a high energy 
carbonate sand bar / shoal complex of a shallow tidal sea. Bhatia (1980) agreed with 
this interpretation. He attributed the rocks to Wilson's facies belt 6 (Wilson 1975) 
which he described as being a normal marine shoal environment, with constant wave 
action in waters less than I 3m deep. There is almost complete removal of lime mud 
by winnowing. 
5B.2 My interpretation 
My interpretation agrees with previous work. The Singtali lithologies are best 
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Plate 5a: A Photomicrograph showing a typical Singtali Formation rock in plane 
polarised light at a magnification of xlO. The field of view consists largely of 
detrital quartz and ooids (top left) with calcite veining. 
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The rocks of this belt are described as winnowed platform edge sands characterised 
by calcarenitic-oolitic lime sand or dolomite, with some admixed quartz sand. 
Fossils are mainly worn and abraded coquinas of benthonic animals living at, or on, 
the slope or reef; there were few indigenous organisms because the environment was 
inhospitable due to the shifting substrate. Large molluscs are common, along with 
fragmented remains of algae and foraminifera. 
The above description is very similar to the lithologies of the Singtali 
Forniation. Wilson described these facies as occurring as shoals, beaches, offshore 
tidal bars in fans or belts, or dune islands. Depth of such marginal sands range from 
5 or lOm to above sea level. I envisage the Singtali environment as a platform edge 
setting in warm clear seas conducive to carbonate formation. The ooids point 
towards an agitated environment and the micrite clasts, or intraclasts, are indicative 
of storms, when partly lithified carbonate sediment from within the basin were ripped 
up and redeposited. There was periodic influx of terrigenous material from the land, 
possibly due to small-scale climatic variations, uplift or regressions. During these 
periods, the environment became hostile to carbonate deposition and quartz 
dominated over ooids. During quieter periods, or during times when the water was 




The Subathu Formation 
Lithologies & Facies 
CHAPTER 6 
THE SUBATHU FORMATION: LITHOLOGIES & FACIES 
In this chapter, the lithologies of the Palaeocene-Mid Eocene Subathu Formation will 
be described (part A), and the facies will be discussed and interpreted (part B). For a 
review of Subathu Formation age data and stratigraphic context, see sections 4.1.2 
and 3.2 respectively. 
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PART A: LITHOLOGIES OF FACIES AND FACIES ASSOCIATIONS 
6A.1 The Subathu Formation at the lowest structural level 
6A.1.1 The 'classic' Subathu Formation found in the region around Subathu 
township and Dagshai cantt., Himachal Pradesh. 
Lithological description offacies 
Three major facies constitute the 'classic' Subathu Formation: limestone, siltstone and 
mudstone. These are described below. 
Facies 1: thin to thick-bedded, micritic, shelly limestone, with variable amounts of 
terrigenous material, occasionally grading into caic-arenite. Thallasinoides traces are 
locally seen. 
Facies 2: green, thin to thick-bedded, calcareous and locally ferruginous siltstone. 
Rare ripple marks, parallel- and cross-laminations occur. 
Facies 3: green, thick-bedded, locally ferruginous, calcareous mudstone. 
Locality examples 
It is in the areas of Subathu Township and Dagshai Cantt. (Fig. ib) that the greatest 
thicknesses (up to I 50m) can be found of the limestones and thick green mudstones 
which make up the Subathu Formation. Above the basal thrust contact, the lower 
half of a typical sequence is dominated by green calcareous mudstones, with 
subordinate siltstones and limestones. The mudstones comprise approximately 85% 
of this lower part of the sequence with the limestones making up the majority of the 
remainder. The mudstone is usually thick bedded (up to 12m thick), but the 
limestone is variable. Sometimes the limestone is found as thin-bedded units (<10cm 
thick) interbedded regularly vith thedtninant (>im thick-) - mudstone, whilst - 
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elsewhere it occurs as a medium bedded (c.0.5-1.0m thick), isolated unit within the 
mudstone. In contrast to this, the upper half of the sequence is dominated by the 
limestone and rare caic-arenites which can account for up to 60% of the sequence, 
the remaining 40% being attributed to calcareous mudstones and occasional 
silistones. In this setting, the limestones are always thick bedded and the mudstones 
are always thin or medium bedded. A typical logged succession from south of 
Dagshai Cantt. (Fig. Ib) is shown in Fig. 6a, Plate 6a shows an interbedded 
mudstone and si ltstone sequence. 
Looking in more detail at the rocks within the sequence, the mudstones and 
siltstones are green to grey, varying from ferruginous to non-calcareous and may 
contain quartz, calcite, anatase and chlorite. Rare parallel- and cross-laminations, 
ripple marks and slump folds occur and well-preserved infaunal bivalve and 
gastropod faunas are occasionally found within the mudstones. The limestones are 
usually micrites with varying amounts of shelly material. Broken bivalve 
(sometimes oyster) shells are most common, along with broken and complete 
nummulites and other foraminifera. Echinoid spines and crinoid ossicles have also 
been noted. At a few localities, e.g. Dhondan (Fig. Ib) Thalassinoides traces have 
been found on the bases of beds. Non-skeletal fragments include quartz grains, 
micritic and rare quartzite lithic fragments, glauconite, chlorite and rare tourmaline, 
muscovite, biotite, feldspar, epidote, rutile, crome-spinel and opaque minerals. 
Plate 6b shows a typical Subathu rock in thin section. 
Facies Associations 
The lithologies of the 'classic' Subathu Formation can be divided into two facies 
associations. 
Facies association A 
This association is found in the lower half of the 'classic' Subathu sequence (e.g. in 
the lower part of Fig. 6a). The interbedded facies are 
Facies 2 and 3: green, thick bedded, locally ferruginous, calcareous mudstone and 
siltstone. These beds display rare ripple marks and parallel- and cross-laminations. 
Occasionally, well preserved marine fossils (molluscs) can be found. These 
lithologies dominate the succession. 
Fades 1: micritic shelly limestones, with variable amounts of terrigenous material. 
The limestone beds range in thickness from less than 10 cm to over Im thick. 
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Plate ôb: Photomicrograph ol typical Suhathu Forniation sediments in plane 
polarised light at a magnification of xli. Note the many broken fossil fragments. 
The detrital grains are mainly quartz. 
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Fig. 6a: Log showing the lithologies of the Subathu Formation 
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Facies Association B 
This association is found in the upper part of the 'classic' Subathu Formation 
sequence (e.g. in the upper part of Fig. 6a). The interbedded facies are 
Fades 1: thick bedded shelly limestone which dominates the sequence. The beds 
occasionally display Thalassinoides traces and they have variable amounts of 
terrigenous material, rarely grading into medium-grained calc-arenites. 
Facies 2 and 3: green, calcareous mudstone and siltstone, the beds being thin to 
thickly bedded, with rare ripple marks, parallel- and cross-laminations. 
Facies I dominates in this Facies Association, Facies 2 and 3 are subordinate. 
6A.1.2. Lithological description of the topmost Subathu Formation rocks in the 
region around Subathu township and Bilaspur, Himachal Pradesh 
In this section, the topmost Subathu Formation rocks, which are transitional to the 
overlying red coloured continental Dagshai Formation, are discussed. Eight main 
facies have been identified, with the numbering system continuing from section 
6A.l.1. 
Lithological description offacies 
Facies 4: red, calcareous, fine to medium grained sandstone, sometimes grading to 
siltstone and mudstone, intermediate to thick bedded. Some beds are channelled, 
with a channel lag at the base. Other features sometimes present are a rippled or 
burrowed base, cross-beds and rootlets. 
Facies 5: red, sometimes calcareous, medium to thick bedded mudstone, sometimes 
with roots. 
Fades 6: thin, interbedded, red calcareous sandstone and siltstone. These beds 
locally display parallel- and cross-laminations. 
Fades 7: white-grey to green coloured, laminated sandstone, which can be 
calcareous, channelled and/or with a channel lag at the base. The sandstone is fine to 
medium-grained and thick -bedded and is found interbedded with red facies. 
Facies 8: medium-bedded black organic-rich mudstone. 
Facies 9: thick-bedded, grey mudstone. 
Facies 10: thick-bedded, silty-grey, micritic limestone which can contain 
foraminifera. 
Facies 11 coal. 
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Variegated shales are also found, these are described under Facies Association A in 
section 7A.1.1. 
Localily examples 
At Subathu township (Fig. Ib), the transitional Subathu Formation can be seen 
although the sequence here does not extend up into the true Dagshai Formation due 
to tectonic truncation. The sequence, which extends up a c.200m hillside, consists of 
nine alternating red and green bands, punctuated by areas of no exposure. 
A typical green to red transition is shown in Fig. 6b. The topmost Subathu 
Formation resembles the lithologies described in section 6A. 1.1 for the upper half of 
the classic' Subathu Formation sequence. Thick-bedded calcareous sandstones and 
shelly limestones, which often contain oyster beds and sometimes Thalassinoides 
traces on the base, are interbedded with subordinate medium-bedded, calcareous 
green mudstones. The first red bed horizon is a 0.75m thick calcareous sandstone 
bed overlain by red mudstone of similar thickness. The sandstone is fine-grained 
with burrows on the base of the bed, mud rip-up clasts in the lower part of the bed 
and faint cross beds in the upper part. The sandstone is grain-supported with a sparry 
calcite matrix. Angular to sub-rounded quartz grains make up the majority of the 
clastic material with quartzite lithic fragments as another important constituent. 
Epidote, glauconite, tourmaline, chlorite and opaques are also present in minor 
amounts. 
A return to the green sequence is heralded by the overlying 2m of Subathu Formation 
which has a similar lithology to that found directly below the red bed. Overlying this 
is 5m of thin-bedded green calcareous mudstone, siltstone and minor sandstone and 
then the second red bed is found in the form of a 0.75m non-calcareous mudstone 
with rootlets. The final green bed is a Im thick calcareous sandstone and above this 
the lithology gives over to a substantial thickness of red beds. 
A second sequence, shown in Fig. 6c is dominated by a red carbonate 
sequence. The basal 6m consists of thick-bedded units, graded from fine-grained 
sandstone to mudstone. The second bed displays a rippled base, whilst the top bed 
contains rootlets. The next 9m comprises thin-bedded sandstones and siltstones with 
common faint parallel and cross laminations. Burrows were found on some of the 
bases. The final 6m is made up of monotonous red mudstone with occasional thin 
beds of fine-grained sandstone in the bottom I .5m. 
More variation occurs in a further sequence higher up the hill where a red 
calcareous coarse-grained channel lag, overlain by a red medium-grained calcareous 
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Fig. 6b: Log showing lithologies of the Subathu - Dagshai Formation 
transitional sequence at Subathu Cantt. 
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Fig. 6c: Red carbonate sequence in the transitional facies between 
the Subathu - Dagshai Formations at Subathu Township. 
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sandstone, cuts down into the underlying green carbonate siltstone. Sub-angular to 
sub-rounded clasts, up to 5mm long, in the poorly sorted channel lag, are almost 
exclusively composed of carbonate micrite set in an opaque matrix. The channel lag 
is grain supported. Other grains include minor numbers of small sub-angular to sub-
rounded quartz grains and sedimentary lithic fragments. In other beds of a similar 
lithology, the micrite clasts sometimes contain small quartz grains within the clast. 
Plate 6c shows part of a transitional sequence composed of interbedded red and 
green coloured lithologies as described above. 
In the Bilaspur area (Fig. Ib), the rocks differ markedly from that in the 
central area, largely by the occurrence of copious amounts of black mudstone. Due 
to the high proportion of red calcareous mudstones in the sequence, I have assumed 
that these lithologies correlate with the transitional type facies as described for 
Subathu township. 
The longest continuous sequence is shown in Fig. 6d. The lowest 20m 
consist of thick-bedded red mudstone interbedded with white-grey sandstone. The 
sequence is usually calcareous, although there is one instance of the red mudstone 
being non-calcareous and the same can be said for the sandstone. Above this is the 
first appearance of the black mudstone, which is found as 0.5m thick layers and 
lenses within a grey mudstone. Layers and lenses of micritic limestone are also 
found within this lithology. It should be noted that this sequence is heavily 
tectonised and the lenses are probably of tectonic origin rather than sedimentary. 
The occurrence of the black mudstone continues in the overlying grey-green 
limestone unit, but after that there is a return for 10m to the old regime of 
interbedded red mudstones and sandstones. After this lithology black mudstone 
dominates the sequence. The following 70m consist of silty grey carbonate with 
black mudstone and subordinate red mudstone plus one white-grey sandstone bed 
and one layer of 100% coal. The final 20m consists of green and purple variegated 
mudstones which contain lenses of black mudstone. Plate 6d shows interbedded 
black mudstone and silty-grey carbonate. 
Looking at the lithologies in more detail, the red mudstone contains quartz, 
calcite, albite, muscovite, chlorite and haematite. Out of the two sandstones - one 
calcareous and the other not, the calcareous sandstone is much finer grained than the 
non-calcareous one. The rock is quartz rich and other components include a 
relatively high proportion of biotite plus muscovite, epidote, tourmaline and opaques. 
The medium-grained non-calcareous sandstone is similar, but with the addition of 
86 
•. 	
.i •. •.! 4: 
Aqr r 	..-., 





I y# \\ 
: 
1 1 1 aC 	. I HtCFhCddCd ftd aMU 	JCIC, dl thc lO 	1 tIC SLIhZItIlLI 





Plate 6d: Subathu Formation facies near Bilaspur, showing black mudstone and silty 
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Fig. 6d: Log of the topmost Subathu Formation lithologies west of Bilaspur. 
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feldspar, chlorite and sedimentary and metamorphic lithic fragments. The black 
calcareous mudstones are all micritic, and benthic and planktic foraminifera are 
common. 
A second sequence in the same area displays a medium-grained, green 
coloured, laminated calcareous sandstone cutting down into red slightly calcareous 
mudstone. The sandstone bed, which is 2m thick has a channel lag at the base. The 
mud rip-up clasts which are up to 3cm in diameter, consist of red non-calcareous 
mudstone and grey calcareous mudstone. Above this sandstone lies red calcareous 
and non-calcareous mudstones. A similar channelled sequence is seen west of 
Sundernagar (Fig. Ib). Here the lowest beds comprise 20-50cm thick units of grey 
calcareous medium-grained sandstone. The total thickness of this lithology is 3m, 
and within this thickness there is internal channelling and occasional ripple marks. 
The sandstone is grain-supported with a matrix of both micritic and sparry calcite. 
The dominant grain is quartz, with sedimentary and metamorphic lithic fragments, 
muscovite, biotite, epidote, tourmaline and opaques also present. Overlying these 
sandstone beds is I m of fine-grained red calcareous sandstone, with a channel lag at 
the base. The clasts in the channel lag are micritic mud rip-ups. Above this, im of 
red slightly calcareous mudstone can be found. 
Facies Associations 
The facies found within the topmost Subathu Formation sequence can be divided into 
two facies associations. The lettering system for the facies associations continues 
from section 6A. 1.1. 
Facies Association C: 
This facies association is found interbedded with Facies Association B on a 2-10m 
scale. The facies, as described above are 
Fades 4: red, calcareous sandstone, grading to siltstone, intermediate to thick 
bedded. Some beds are channelled, with a basal channel lag. Rippled or burrowed 
bases, cross-beds and rootlets can occur. 
Fades 5: red, sometimes calcareous, medium to thick bedded mudstone, sometimes 
with roots. 
Facies 6: thin, interbedded, red calcareous sandstone and siltstone. These beds 
locally display parallel- and cross-laminations. 
Facies 4 and 5 can sometimes be found grading into one another. 
These facies occur, for example, in the sequences illustrated in Figs. 6b and 6c. 
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Facies Association D 
This facies association is also found near the top of the Subathu Formation sequence, 
in close association with Facies Association C. The facies, as described above are 
Facies 7: white-grey to green coloured sandstone, locally calcareous, channelled 
andlor with a channel lag at the base. The rocks are thick-bedded and found 
interbedded with red facies as described for Facies Association C. 
Fades 8: medium-bedded black organic-rich mudstone. 
Facies 9: thick-bedded, grey mudstone. 
Facies 10: thick-bedded, silty-grey, micritic limestone which can contain 
foraminifera. 
Facies 11: coal. 
Variegated shales are also found, these are described under Facies Association A in 
Chapter 7. 
Facies association D occurs, for example, in the sequence illustrated by Fig. 6d. 
6A.2 Lithological description of the Subathu Formation found at the second, 
intermediate structural level 
Lithological description offacies 
The rocks of this structural level can be divided into seven facies, found near the base 
of the sequence above the unconformity. Above these facies, rocks of Facies 
Association A can be found. The facies found above the unconformity are 
Fades 12: black, organic-rich, intermediate to thick bedded, mudstones which can 
weather white. Pyritised wood, pyrite nodules, laterite clasts and iron concretions 
can be found within the mudstone beds. Rootlet horizons, coal and seat earth can be 
found interbedded with the mudstones. The mudstones are often found interbedded 
with Facies 13. 
Facies 13: medium-bedded, fine conglomerate or breccia. This unit can appear dark 
coloured or orange. The matrix ranges from black, organic rich, iron-stained fine-
grained material to orange coloured micrite. Clast vary and can include grey 
carbonate-rich micrite, green mudstone, sparite, quartz, organic material, laterite 
fragments and chert. Soil pisoliths may also be present. 
Facies 14: iron-stained, not organic rich, red or green mudstone, which can contain 
iron concretions and laterite fragments. 
Fades 15: bauxite, lateritic and/or iron-stained. 
Fades 16: shelly limestone containing much bituminous material, medium-bedded. 
Facies 17: thick-bedded, fine-grained, manganese stained, dark coloured sandstones. 
Facies 18: intermediate to thick-bedded ironstones. The ironstones are often 
manganese stained, black and pisolitic. Siderite and chamosite are the main 
constituents. Plate 6e shows a thin section of the ironstone. 
Localily examples 
These rocks are found unconformably above the Krol sedimentary nappe (Figs. 2a 
and 2b illustrate the tectono-stratigraphy) except for the rocks at Dogadda which lie 
above the Singtali Formation. The sequences are usually thin, less than 30m, apart 
from at Dogadda where the sequence is approximately lOOm thick. With only one 
exception, the Subathu Formation at this structural level is characterised by the 
occurrence of black mudstones which were used for vitrinite reflectance work as 
described in section 9.2. Iron staining, laterite and bauxite are also common. 
Typically, the black mudstones, laterite and bauxite, plus iron stained rocks are found 
at the base of the sequence with the more classic green Subathu Formation 
limestones and mudstones above. 
At two localities a fine conglomerate or breccia is sandwiched between the 
unconformity below and the organic-rich black mudstones above. At Subathu 
Township the breccia takes the form of grey, carbonate-rich micrite clasts, less than 
1cm in diameter, set in a black mudstone matrix. Palynological analysis, carried out 
by Andrew Racey and Jeff Goodall at Geochem Group Limited indicates that the 
material is highly degraded due to bacterial and fungal attack. At Dalaghat, near 
Dhondan (Fig. Ib), a dark-coloured fine conglomerate with angular to sub-angular 
green mudstone clasts up to 1cm long is overlain by green iron stained mudstone 
containing iron concretions up to 10 cm diameter and laterite clasts less than 5mm in 
diameter. Above this lies a second fine conglomerate band which is orange-brown in 
colour. The matrix is micritic and the clasts, which range from rounded to angular, 
are less than 5mm in diameter and consist of micrite, sparite, quartz, organic material 
and laterite. The overlying beds are black mudstones, but within them more 
conglomerate horizons are found. These horizons are less then 40cm thick and are 
interbedded with the mudstones. The matrix is dark grey, organic-rich and iron-
stained. Soil pisoliths are present. The clasts are composed of laterite, chert and 
micrite. In addition, X-Ray diffraction analysis shows the occurrence of bauxite, 
diaspore, muscovite and anatase. 
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At a further two localities, Bakhalag and Kakara, both near Simla (Fig. ib), 
lateritic bauxite and iron-stained bauxite overlie the unêonformity. At Bakhalag the 
bauxite passes up into the black mudstones, but at Kakara the black mudstones are 
absent. Barog near Bilaspur displays iron stained red sandstones beneath the 
- bituminous limestone. 
Where the black mudstones do not lie above the conglomerate or bauxite as 
described above, they lie directly over the unconformity, for example at Dharamkot 
near Dharamsala and at Dogadda. The mudstones have a variable organic content. 
Half of the areas have mudstones which do not appear to have a high organic matter 
content whilst in other areas the organic proportion appears high, as estimated from 
the occurrence of equidimensional dark, brown or black wood fragments and the dark 
coloration of the mudstones. At one locality, Dalaghat, some specimens contain 
angiosperm pollen and fungal spores as described in section 4.1.2. X-Ray diffraction 
analysis shows that quartz, muscovite, illite, aluminium oxide hydroxide chloride and 
iron are present. 
Three localities, Barog (near Bilaspur), Dalaghat (between Dhondan and 
Simla) and Dogadda (Fig. I b), have more complex black mudstone' units. At Barog 
the blackunit is represented by black bituminous material in the shelly limestone. At 
Dalaghat, a black mudstone horizon consists of organic-rich black mudstones, which 
weather white and within which laterite fragments and iron concretions can be found. 
Interbedded with these black mudstones are seat earth, coal and rootlet horizons as 
well as the fine conglomerates outlined above. The 'black mudstone' sequence at 
Dogadda is more than 37m thick. The initial, lowest mudstone unit is 6m thick, non-
calcareous and iron stained. Above this the mudstones are interbedded with 
sandstones and ironstones. The mudstones vary in thickness from 0.3 to 1 .3m. They 
are black, organic and iron stained. Pyritised wood and pyrite nodules occur in some 
places. The fine-grained, black and Mn stained sandstones are 1.5 to 3m thick, 
whilst the ironstones vary from 0.8m to 6m thickness. The ironstones are black, Mn 
stained and pisolitic. Siderite and chamosite are the chief components along with 
fluorapatite and haematite. 
At all localities the black unit, in whatever form it comes, is succeeded by the 
more classic Subathu Formation sequence composed of green mudstone and 
limestone. At some localities this then passes up into a red and green coloured more 
transitional facies and at Barog (Fig. Ib) a small outcrop of the classic Dagshai 
Formation sequence is found, as described in Chapter 7A.2. 
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A schematic section of a typical sequence of the Subathu Formation 
intermediate structural level is shown in Fig. 6e and part of the Dogadda section is 
shown in Fig. 6f. 
Facies Associations 
The facies described above and illustrated in Figs. 6e and 6f are grouped into Facies 
Association E. Facies Association E lies above the base of the unconformity and is 
overlain by rocks of Facies Association A. To recap, the rocks which comprise 
Facies Association E are: 
Facies Association E 
Facies 12: black, organic-rich, intermediate to thick bedded, mudstones, with pyrite, 
iron concretions and laterite pieces. Rootlet horizons, coal and seat earth can be 
found interbedded with the mudstones. The mudstones are often found interbedded 
with Facies 13. 
Facies 13: medium-bedded, fine conglomerate or breccia. Matrix can be organic rich. 
Clasts include micrite, mudstone, sparite, quartz, organic material, laterite pieces and 
chert. Soil pisoliths may also be present. 
Facies 14: iron-stained, red or green mudstone, which can contain iron concretions 
and laterite pieces. 
Fades 15: bauxite, lateritic andlor iron-stained. 
Fades 16: shelly limestone containing much bituminous material, medium-bedded. 
Facies 17: thick-bedded, fine-grained, manganese stained, dark coloured sandstones. 
Facies 18: intermediate to thick-bedded ironstones. The ironstones are often 
manganese stained, black and pisolitic. 
PART B: FACIES INTERPRETATION 
6B.1 Previous work 
The first facies interpretation of the 'classic' Subathu Formation was provided 
by Raiverman (1964) who worked with Vanadium/Nickel ratios. Raiverman 
deduced that the Vanadium/Nickel ratio from the Subathu Formation units implied 
that these rocks were deposited under brackish water conditions at a depth range 
between 15and40m. 
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In 1967, Bhandari & Agarwal considered that the Subathu Formation was 
deposited in a shallow linear epicontinental sea, with the lower part deposited under 
highly euxinic conditions in a mudflat and marsh environment, and the upper part 
deposited under open marine conditions. This they deduced from a general study of 
the lithologies. 
Chaudhri (1976) divided the sequence into three transgressive-regressive 
cycles. He placed the top of the first cycle at a red mudstone gypsiferous horizon and 
the succeeding two cycles were delineated on the basis of shell limestones at their 
bases, which he interpreted as the start of transgressions. 
Mathur's work (1979) is the most comprehensive study undertaken on the 
Subathu Formation. He divided the Subathu sequence into nine faunal zones and 
analysed the palaeoecology of each. In the lowest zone, Zone I of Late Palaeocene 
age, Mathur (op. cit.) found unfossiliferous, pyritic and carbonaceous mudstones 
from which he deduced a reducing environment. Moving upwards in this zone, he 
noted an abundance of echinoid remains and large foraminifera from which he 
deduced warm, shallow clear waters of normal salinity, with slow sedimentation on a 
continental shelf with a sandy or limy bottom. He indicated a shallow marine, to 
possibly brackish water environment on the basis of the appearance of the bivalve 
Venericardia; and similar environments possibly apply for the ostracod Paracypris, 
which is also found in this zone. Referring to Dogadda only (located at the second 
structural level), Mathur assigned a facies in the shallower parts of the sub-littoral 
zone of tropical to sub-tropical waters on the basis of the presence of Nummulites, 
whilst the existence of the bivalve Seila in this zone allowed him to imply brackish 
water conditions. 
The overlying Zone II of Early Eocene age was considered to have been 
deposited in warm open marine shallow shelf conditions on the basis of the 
occurrence of glauconite and foraminifera Nummulites, Dictyoconoides and echinoid 
spines. 
A brackish water environment was considered for the lower part of Zone Ill 
as the ostracod Neocprideis and bivalve Seila are present. The middle section of 
this zone was deposited in a lagoonal facies as evidenced by the presence of pyritic 
carbonaceous mudstones and pockets of gypsum in red mudstones. These red beds 
belong to a system which Mathur termed as 'variegated red beds' and to which he 
assigned a fluvial facies with a warm, wet and equitable climate. On this basis he 
implied a paralic environment, where marine and continental environments 
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alternated. A return to brackish water conditions occurred by the upper part of this 
zone when the bivalve Seila and ostracod Neocyprideis are once again found. Rare 
fresh water fossils (ostracod Ilvocvpris and algae Harrisichara) indicate proximity to 
the shore. Zone III is also of Early Eocene age. 
A return to sedimentation in calm shallow waters on the continental shelf 
occurred when the rocks of Zone IV (Early Eocene) were deposited in a warm 
tropical to sub-tropical climate. Mathur noted that the presence of the formanifera 
Nummulites is indicative of warm, shallow marine conditions, the presence of the 
ostracod Krithe indicated deposition at outer-sublittoral to bathyal depths, the 
occurrence of echinoid spines indicated deposition in clear shallow waters in areas of 
slow sedimentation on the continental shelf, and encrusting Bryozoa coupled with 
finely laminated mudstones implied calm waters. 
Ostracods Paracypris and Krithe, and formanifera Nummulites and Assilina 
in the lower part of Zone V imply a shallow marine environment, but by the time the 
upper part of Zone V was deposited the fauna had changed. In the lowest structural 
level, Nummulites and miliolid formanifera, and bivalves Pinna and Trachycardium 
and echinoid spines, together indicated to Mathur that the environment was one of 
warm, clear and shallow waters of inner sub-littoral depth. Meanwhile, at Dogadda, 
the intermediate structural level, the bivalve Seila is found which suggests brackish 
water conditions. The transition between Zones V and VII mark the Early to Mid 
Eocene boundary. 
Zones VI and VII contain more fossils indicative of a warm shallow marine 
environment, namely the foraminifera Nummu/ites, Assilina and P/a giosmitta and the 
ostracod Leguminecythereis/Krithe. 
The conditions under which the Mid Eocene sediments of Zone VIII were 
deposited are more varied. The usual shallow marine fauna exists, namely the 
foraminifera Nummulites, Rotalia and miliolids, but brackish and fresh water fauna 
also existed. Brackish water fauna include the bivalves Parinomya and Se/ia, and the 
ostracod Neocyprideis, whilst gastropods Physa Ap/exa and Planorbis represent the 
fresh water forms. Mathur concluded that the environment fluctuated from brackish 
to shallow marine conditions during this time, with the fresh water forms washed in 
from a neighbouring area. In one area, red beds with ostracod Leguminocythereis, 
bivalve Venericardia, and formanifera Quinque/oculina and miliolids are found. 
Mathur states that according to Clark (1962), these red beds were deposited in 
shallow marine to estuarine environments under desert conditions. 
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The final faunal zone, Zone IX of Mid Eocene age, is termed the passage beds 
because they pass upwards into the Dagshai Formation. The fauna are represented by 
the fresh-water gastropods Bulinus and Planorbis, and the sediments mark the marine 
regression from the area and the onset of fresh-water conditions. 
Other ideas were put forward by Srivastava & Casshyap (1983) who 
considered the carbonate bodies to be sub-tidal channels and the red and green 
mudstones found at the top of the sequence (e.g. section 6A.1.2) to be tidal flat 
channels. Loyal & Gupta (1990), interpreted the sand grains disseminated in the 
micritc limestone as wind blown sand deposited on a lime-mud carpet. On this 
interpretation and the presence of Skolithos and Thalassinoides in the mudstones, 
they assigned a tidal flat setting to the rocks. 
The red Subathu Formation rocks as described in section 6A.1.2. are 
discussed by Mathur (1979). He considered, on the basis of the red colour and the 
marine vertebrates found within the rocks, that the sediments were laid down in a 
shallow marine to estuarine environment, under a desert-like climate. Loyal and 
Gupta (1990) noted the presence of intraformational conglomerate within the red and 
green mudstones at Subathu Cantt. and they suggested a littoral intertidal to 
epineritic facies, with constant settling of mud on a carbonate shelf. They suggested 
a progradation of the shoreline associated with a change from open shelf intertidal to 
restricted evaporitic lagoon when the gypsiferous mudstones were deposited, and a 
further shift in environment is envisaged with the appearance of a red conglomerate 
with reworked pebbles indicating the migration of meandering channels in a shallow 
fluvial setting. 
The final transition to a fresh-water environment was documented by Mathur 
(1979) on the basis of fresh-water fossils described above and by Loyal & Gupta 
(1990) who reported the occurrence of rodent remains and the scales of fresh-water 
fish. 
Relatively little has been written on the intermediate structural level facies. 
Chakraborty et al. (1963) suggested a near-shore or fresh-water origin for the rocks at 
Barog, near Bilaspur (Fig. I b) on the basis of the fresh-water algae Pediastrum found 
there. Srikantia & Sharma (1970) worked at Bakhalag, near Simla (Fig. ib) and 
recorded marine fossils, glauconite and phosphatic nodules from which they deduced 
shallow-marine continental shelf conditions. Meanwhile, Srikantia & Bhargava 
(1967) noted that the fossils at Kakara, near Simla (Fig. Ib) were exclusively of 
Palaeocene affinity and there was a complete absence of the typical Subathu 
Formation fossil assemblage. The lack of Eocene fauna led them to infer an Early 
Eocene regression. Finally, the rocks at Dogadda (Fig. lb) have been mentioned in 
papers by Mathur (1979) and Raiverman et at. (1983). Mathur suggested reducing 
conditions for the unfossiliferous carbonaceous, pyritic strata he described, whilst 
Raiverman et al. (op. cit.) inferred a marginal marine environment from the presence 
of sideritic oolites. 
6B.2 Fades interpretation based on the work for this thesis 
6B.2.1 Facies interpretation of the 'classic' Subathu Formation, lowest structural 
level as found at Subathu Township and Dagshai Cantt. (Facies Associations A & 
B). 
In the sections studied for this thesis, the basal part of the lowest structural level 
Subathu Formation sequence was never observed, either as a result of a tack of 
exposure or its removal by thrusts. The sequence begins, as described in section 
6A.1.1 and Fig. 6a, with a predominance of green calcareous mudstones and 
subordinate limestones (Facies Association A), and moves up into a facies where the 
shelly limestone makes up the most part of the sequence (Facies Association B). 
Wilson (1975) divided the idealised carbonate margin into nine standard 
facies belts (Fig. 6g). Belt 2, the open shelf, appears to fit the rocks of the Subathu 
Formation sequence the best. Wilson described the open shelf facies as being 
characterised by very fossiliferous limestones, interbedded with marls in well 
segregated beds. Textures are dominantly bioclastic wackestones with some calci-
siltites. The terrigenous ctastics are typically quartz silt, siltstone and mudstone in 
well segregated beds and the biota consists of very diverse shelly fauna preserving 
both infauna and epifauna. Fauna may not be abundant in many places but is 
generally present. The bedding is thin to medium thickness, often wavy and 
thoroughly burrowed. He described this environment as the typical realm of deeper 
neritic (i.e. sub-littoral I sub-tidal) sedimentation which may consist of carbonate or 
mudstone. The water is tens of meters or even a hundred meters deep, generally 
oxygenated and of normal salinity, with good current circulation. The depth is 
sufficient to be below wave base, but intermittent storms affect bottom sediments. 
Wilson noted that the distinction between his open shelf Belt 2 and his open marine 
platform facies (i.e. straits, open lagoons and bays behind the outer platform edge) 
Belt 7 is far from clear. Assuming that open marine fauna (e.g. echinoids and 
crinoids) may be lacking in the open marine platform facies, the open shelf 
environment would appear the most likely for the main body of the Subathu 
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Fig. 6g: The nine standard facies belts of the idealised carbonate margin (Wilson 
1975). 
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Formation sequence. Terrigenous input, in the form of quartz found in the 
limestones and mudstones is constant but extremely minor. The Subathu sequence 
changes up section from Facies Association A where mudstone dominates, to Facies 
Association B in the upper part of the succession, where limestone dominates. 
Assuming that the mudstones occur slightly further off-shore than the shelly 
limestones, this increase in limestone proportion can be attributed to a gradual 
shal lowing of the basin i.e. marine regression. 
6B.2.2 The topmost Subathu Formation sequences, lowest structural level, as 
found at Subathu Township and Bilaspur. 
The gradual marine regression continued during the time when the red Subathu 
sequences described in Section 6A.1.2 were deposited. At Subathu Township, the 
green limestones just below the start of the start of the red beds show Thalassinoides 
traces n places. Thalassinoides can also been seen at Dhondan where they are 
interbedded with foraminifera rich limestones found close to the Subathu-Dagshai 
Formation transition. According to Blatt (1992), Thalassinoides are most common in 
intertidal and shallow sub-tidal settings, and so from this we can presume that the 
Subathu Formation sequence is continuing to shallow upwards. 
In the following sections, I will describe the theory and give examples of the 
environments of deposition I believe are relevant to these Subathu Formation facies, 
and compare the Subathu Formation facies to the models. 
6B.2.2. I The tidal facies 
Theoretical models and case studies of tidal settings 
Figs. 6b & 6c show stratigraphic logs of red Subathu Formation rocks at Subathu 
Township (Facies Association Q. These sequences are interpreted as intertidal and 
tidal flat deposits. Tucker (1981) described a typical prograding, fining-upwards, 
siliciclastic tidal flat as illustrated in Fig. 6h. The low tidal flat deposits are medium 
bedded, cross-bedded sandstones, often with a basal channel lag. Overlying this unit 
are the thin-bedded mid-tidal flat sediments, which were deposited alternately from 
bed-load and suspension. Alternating sandstones, siltstones and mudstones pass up 
into the high tidal flat suspension deposits which are dominantly thin-bedded, fine 
grained siltstones and mudstones. Tucker noted that the characteristic structures of 
the mid and upper tidal flats are various types of ripple giving rise to flaser, wavy and 
lenticular bedding. He also wrote that rootlets and bioturbation are common 
throughout and evaporites may be present. Tidal channels are discussed by Weimer 
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graphic log sedimentary structures environment and 
interpretation 
mudrock,often with high tidal flat 
desiccation cracks suspension deposition 
[lenticular bedding 
variouswavy bedding mid-tidal flat 
ripple alternating bedload 
- types and suspension 
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cross bedding, some bedload deposition 
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bedding sandwaves 
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Fig. 6h: Sketch graphic log and interpretation of fining-upward unit generated by 
progradation of a siliciclastic tidal flat (Tucker 1981). 
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et al. (1982). They described the channels as mainly occurring in the sub-tidal part of 
the tidal flats and gave examples from the Cretaceous Dakota Group, Colorado, 
U.S.A. and the Cretaceous Upper Almond Formation, Wyoming, U.S.A. 
The Dakota Group: The Dakota Group consists of thin-bedded fine-grained tidal flat 
deposits that cap coarser-grained and thicker major tidal channel deposits. At the 
base of the sequence is burrowed sandstone and mudstone marine strata. The tidal 
channel sandstones are 3-20m thick and grade from medium-grained near the base to 
fine- to very fine-grained clayey sandstone in the top few metres. The channels have 
sharp scour bases with lag deposits at the base made up of clay clasts and coarse 
quartz grains. Trough cross-bedding is common and clay drapes can be found in the 
middle and upper sections. The overlying tidal flat deposits are typified by the 
presence of ripples, abundant trace fossils, mud cracks, root zones and small channels 
which are sand or partially mud filled. 
The Upper Almond Formation: In the Upper Almond Formation, the tidal channel 
sandstones range in thickness from 1.5 to 5 metres. They are grey, very fine-grained 
to fine-grained, fining upwards, cross-bedded sediments, with a scoured base and 
abraded shells and clay clasts near the bottom. Minor amounts of burrowing, slump 
structures and clay drapes are also found and laminae of detrital carbonaceous clay 
are common within the cross-sets. These channel sands have been interpreted as 
having been deposited in shallow tidal creeks, or sand flats, or both. Above the 
channel units are the mixed sand and mud sediments of the middle tidal flats and the 
mud dominated sediments of the upper tidal flats. Finally, this generally fining 
upwards sequence is capped by coal of fresh-water marsh and swamp origin. 
Discussion of the Subathu Formation facies with respect to the tidal environment 
The sediments of Facies Association C, described in Section 6A. 1.2 and illustrated in 
Figs. 6b & 6c have many similarities with the model sequences and examples 
described above. Fig 6b shows an alternating red and green sequence, which actually 
continues to alternate after the finish of the logged section but was unmappable. In 
this section, the shoreline fluctuated between sub-tidal and intertidal regimes. After 
the basal green units which contain Thalassinoides indicative of shallow sub-tidal to 
inter-tidal regimes, red-beds appear with affinities close to that of the overlying red 
fluvial Dagshai Formation. These red beds are calcareous however (unlike the 
overlying Dagshai Formation), and possibly represent small marine tidal channels 
with mud-rip-up clasts at the base, faint cross laminations and a sequence fining-up 
to red mudstone. Tucker (1981) described a scenario where syn-sedimentary 
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cementation of carbonate tidal flat sediments leads to the formation of surface crusts 
which then break up to form flakes. This could be the source of the mud rip-up clasts 
at the base of the beds. Alternative origins of formation could be that semi-
consolidated carbonate mud was torn from the seafloor during a storm, or the micrite 
clasts could have been carried in from the surrounding area. The small channel 
sequence described in Section 6A. 1.2 where the channel lag cuts down into the 
underlying green siltstone could also be from this environment. Above the first red 
unit in Fig 6b, the succession reverts to green facies. This could be due to a 
fluctuation in sea level or the lack of channels in this particular area of the section. 
The latter hypothesis seems the more likely since the thin interbedded, parallel- and 
ripple-laminated green mudstone, siltstone and sandstone sequence above it is 
suggestive of mid-tidal flats as described by Tucker. The second red bed unit shows 
indications of further shallowing-up. The sediments are dominantly suspension-
deposited mudstone indicative of upper tidal flats (Tucker 1981). The sediments are 
non-calcareous. The marine influence is diminishing and the presence of rootlets 
implies that a more sub-aerial environment is taking hold. After the end of the 
logged section shown in Fig. 6b, the red-green intercalations continue, implying 
further fluctuations in sea-level. Fig. 6c shows a red carbonate sequence from above 
the area logged in fig 6b. The sequence largely resembles Tucker's idealised section 
of a progradation of a siliciclastic tidal flat (Fig. 6h). The only major departure lies 
in the lack of cross-bedding in the low tidal flat sandstones. This could either be due 
to extensive bioturbation, or possibly the environment of Fig. 6c is at a lower energy 
level than that envisioned for Tucker's model. This latter hypothesis is backed up by 
the graded texture fining to mudstone in the rocks of Subathu Township, which 
would suggest lower energy conditions. 
6B.2.2.2 Deltaicfacies 
Rocks of Facies Association D, as described in section 6A. 1.2 and found for example 
at Bilaspur, are indicative of a deltaic environment. The lower delta plain as defined 
by Coleman & Prior (1982) is the most appropriate facies. 
Models and examples of the lower delta plain environment 
This environment, which extends from the shoreline to the limit of tidal influence, is 
the realm of river-marine interaction. Two facies define the lower delta plain; 
distributary channels and interdistributary bays. 
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A theoretical model is given by Coleman & Gagliano (1964) who described 
each bay as forming when there is a break from the channel during a flood. There is 
an increase in flow during successive floods until the system wanes and becomes 
inactive. Subsidence then leads to inundation of marine waters. These events are 
represented by a coarsening -upwards sequence, whereby the lower part is 
dominantly silts and clays and the upper part is mostly sands due the increase in flow 
and sedimentation. Distributary mouth bar sands will eventually occur when the 
channel progrades over the lower deposits. Individual bay fills are relatively thin (3-
I 5m), but continuing subsidence and repetition of the processes described above 
leads to the stacking of one bay fill over another and so thick deposits are built up. A 
summary diagram illustrating the major characteristics of bay-fill deposits in the 
lower delta plain is given by Coleman & Prior (1982) (Fig. 6i). 
Coleman & Prior (1982) detailed the evolution of the large bay-fill in the 
lower delta plain of the Mississippi River Delta. The events begin in 1862 when a 
break in the levee diverted some 6-8% of the Mississippi River water through the 
crevasse opening. Coarse sediments were dumped subaqueously in the vicinity of 
the break and no new subaerial land developed. With continued deposition and a 
general shallowing in the bay, deposition developed rapidly and by 1903 the entire 
bay area had been infilled with crevasse-splay or bay-fill sediments. By 1922, many 
of the channels had been abandoned and only a few of the major channels continued 
to deliver sediments to the bay. Much of the newly exposed land had been converted 
into luxuriant marsh growth, and organic-rich clays capped the top of the regressive 
sequence. With time, plant growth could no longer maintain its productivity because 
of encroaching marine waters and subsidence. By 1958 much of the original land 
build-out had subsided below sea level and by 1978 the entire region had been 
inundated by marine waters and the complex had reverted to a shallow-marine 
i nterdistributary environment. 
Discussion of the Subathu Formation facies with respect to a delta plain environment 
The sands and red mudstones of Facies Association D, found interbedded with rocks 
of Facies Association C, closely resemble the overlying Dagshai Formation 
lithologies except that the Dagshai Formation rocks are usually non-calcareous. The 
Bilaspur immature sandstones, which contain much terrigenous material, are 
probably fluvial in origin with a marine influence. The same can be applied to the 
red calcareous mudstones. Fl uvi al -transported sediments which have then been 
deposited in a marine environment is the most appropriate setting. 
1 omI 
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Fig. 6i: Summary diagram illustrating the major characteristics of the bay-fill 
deposits in the lower delta plain (after Coleman & Prior, 1982). 
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The sandstones, sometimes with a channel lag at the base, represent the 
distributary channel facies, whilst the mudstones are probably bay-fills or crevasse-
splays that broke off the main distributaries and infilled the interdistributary bays.. 
These channel sandstones and red mudstones formed in an environment analogous to 
that found in the Mississippi Bay from after 1862 to 1903. Moving up sequence in 
the Subathu Formation succession to the organic units; these were deposited when 
land had emerged, an event which had occurred by 1922 in the Mississippi system. 
Subsidence and fluctuations around sea level are responsible for the marine 
incursions which deposited the Bilaspur fossiliferous carbonate rocks which are 
mixed with the terrigenous organic material. At this point the bay could be at a 
similar stage to that found in the Mississippi Bay in 1978. A return to sandstones 
and red mudstones marks the beginning of another cycle in the Subathu sequence. 
6B.2.3 Facies interpretation of the intermediate structural level Subathu 
Formation sequences (Facies Association E) 
The intermediate structural level shows the basal Subathu Formation immediately 
above the unconformity. In thefollowing section I will describe the models, and 
give examples, of the environments where the salient features (i.e. black shales, 
micro-conglomerates, laterite and bauxite, seat earths, coal and rootlets and oolitic 
ironstones) (section 6A.2) of the intermediate structural level Subathu Formation 
rocks can be found. 
6B.2.3. I Oxygen-deficient environments (black shale facies) 
Black, organic-rich mudstones are formed in an oxygen-deficient environment which 
allows the accumulation rather than the oxidation of organic material (Leggett 1979; 
Jenkyns 1989; Blatt 1992). The three main scenarios which give rise to oxygen-
deficient waters are i) the development of a restricted basin, ii) a marine transgression 
and iii) high organic productivity. The restricted basin situation gives rise to anoxic 
conditions because the basin configuration is such that there is only limited access to 
the deep oxygenated bottom waters (Jenkyns 1980). The transgressive event has two 
methods for promoting the development of organic-rich mudstones. Firstly, the 
transgressive event will cover vast areas of delta and coastal plains with the result 
that much plant debris will be washed into the sea. Secondly, a transgressive event 
will provide an increased shelf area which has optimum conditions for the support of 
organisms. This increased surface productivity leads to increased oxygen 
consumption by sinking carbonaceous matter. An expansion of the oxygen minimum 
zone results and when the layer expands sufficiently that it reaches the sediment- 
108 
water interface, conditions will be favourable for accumulation of organic material 
(Leggett 1980). 
Wignall (1989) noted that micro-conglomerates are often found within a 
black-shale unit and he explained it as the result of disturbance of the quiet bottom 
waters by storms. One such example is the Kimmeridge Clay (Wignall 1989). These 
black mudstone sediments, deposited in a shallow epicontinental sea below wave 
base, contain lighter coloured layers with rip-up clasts of coccolith limestone. These 
clasts have been interpreted by Wignall as being the result of storm disturbance. 
6B.2.3.2 Leached continents, with tropical conditions 
Laterite and bauxite are residual deposits which result from extensive leaching in 
humid tropical conditions (Tucker 1981; Collinson 1989). Blatt's (1992) diagram 
(Fig. 6j) shows the temperature and precipitation conditions which are needed to 
form bauxite and laterite. A well marked division of the year into wet and dry 
seasons is also essential (Whitten & Brooks 1972). In the Arkansas deposits of the 
U.S.A., bauxite is incorporated into marginal marine and non-marine strata (Gordon 
et al. 1958). It is interpreted that in that area, positive areas (e.g. hills) were 
gradually overlapped by marginal marine and non-marine strata, and bauxite debris 
was incorporated into the sediment from the soils of the hills. It is assumed that the 
agent of transport was either streams or by mass wasting. 
6B.2.3.3 Near-shore environments, often in close proximity to a delta 
True deltaic environments are described in section 6B.2.2.2. Here, it is sufficient to 
note that the presence of rootlet horizons, coal and seat earth is often indicative of 
near shore conditions, often in close proximity to a delta. Tucker (1981) described 
the Late Carboniferous of Great Britain as containing seat earths, coal seams, rootlets 
and siderite nodules which he interpreted as having been formed under deltaic 
conditions. 
Oolitic ironstones often form in close proximity to a delta. Young (1989) 
noted that the formation of ironstones is favoured by a break in clastic sediments 
supply, continued supply of iron and sediment reworking. Although many 
sedimentary environments may supply these parameters, the strong correlation 
between ironstone formation and marine transgression suggests that changes in sea 
level leading to the flooding of land masses and the reworking of suitable terrestrial 
soils may result in important sources of iron and provide a break in the sediment 
supply. Marine oolitic ironstones may result from reworking of terrestrial, 
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Fig. 6j: Relationships among temperature, precipitation, soil type, and clay mineral 
stability. (1) Saline, evaporitic soil. (2) Alkaline, carbonate soils. (3) Chernozem and 
podsol soils containing illite / montmorillonite clays. (4) Kaolinitic soils. (5) 
Bauxitic / lateritic soils. The K indicates the centre of kaolinite genesis (Kuzvart 
1984 Industrial Mineral and Rocks, p.46, Elsevier, New York; Blatt 1992). 








— Gray shale 









Fig. 6k: 	Vertical sequences in the main ore-bearing section at Wabana, 
Newfoundland (Maynard 1983). 
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pedogenic, ferruginous ooids and pisoids (Siehi & Thein 1989), or, if generated in 
the marine environment, three models are favourable for their occurrence 
I )generation in a near-shore environment, e.g. a restricted lagoonal setting, the ooids 
then being reworked into the basin of deposition by a later transgression (Bayer 
1989) 
deposition on offshore swells which receive little elastic input and where 
reworking by wave activity will occur (Hallam 1975) 
deposition on marine shelves during phases of sediment starvation as produced by, 
for example, a rising sea-level (Young 1989). 
Recent work by Curtis (1995) corroborates Hallams and Youngs views. Curtis 
showed that maintained periods of very slow sedimentation within more normal 
mudstone deposition, due to, for example, sediment reworking or bypass, particularly 
in shallow water, was a major influence on the formation of ironstones. 
The fact that oolitic ironstones are often found in close proximity to a delta is 
reasonable as this near shore environment will be in close proximity to a terrigenous 
iron supply (especially if lateritic land masses are being weathered), whilst channel 
and delta abandonment and elastic traps would result in sediment starvation. 
Hayes (1915), Ranger (1979) and Maynard (1983) described the Ordovician 
Wabana Formation in Newfoundland (Fig. 6k). A typical cycle begins with black 
mudstones and pyrite, overlain by grey mudstone and silt. This moves up into 
siltstone and sandstone which is then capped by haematite and chamosite oolitic 
ironstone. According to Maynard, this is a near shore complex developed adjacent to 
a delta. The pyrite formed during a relatively rapid transgression of anoxic basin 
waters across iron-rich shallow-water sediments. This transgression was then 
followed by a slower progradation of the delta back out into the basin, resulting 
eventually in the re-establishment of shallow-water conditions. A similar 
depositional pattern has been described by Van Houten & Karasek (1981) for the 
Devonian ironstones of Libya. Again, chamosite and haematite beds formed at the 
top of coarsening-up deltaic sequences. 
The Clinton beds of the USA are mixed haematite and chamosite oolitic 
ironstone beds from a lower-intertidal to shallow-subtidal setting (Hunter 1970). 
Three coarsening-upward progradational cycles are found which culminate in 
ironstone deposition. The sequence begins with prodelta turbidites and mudstones 
deposited below wave base and then moves up into shallow subtidal to intertidal 
facies represented by sandstones. The relationship between the haematite and 
chamosite is unclear; Sheldon (1970) believed that haematite has replaced the 
chamosite in certain environments with haematite being found in barrier bars, but 
chamosite remaining in lagoons. Tucker (1981) stated that facies analysis has shown 
that the haematite oolites were deposited in shallower water closer to the shoreline 
than the chamosite oolites. 
The Jurassic sequences of Europe provide a further example. They differ in 
environment from the examples described above in that they were often deposited on 
offshore swells on top of which condensed sequences were formed. Hallam (1967) 
was of the opinion that the ironstones are an intermediate facies between carbonate 
and clastics, the type of sediment being controlled by the degree of water agitation 
and the rate of terrigenous supply which is a function of the proximity to a river. The 
Jurassic ironstones of Yorkshire are described by Hallam & Broadshaw (1979) as 
being cyclic deposits, a typical cycle consisting of black mudstone at the base, 
moving up into grey mudstone, sandstone and finally ironstone. The sequence of 
events giving rise to these cyclic deposits are similar to those already described i.e. 
an initial transgression followed by a shallowing up sequence. The Northampton and 
Frodingham chamosite ironstones provide a slight variation on the theme in that they 
are thought to have formed in local embayments away from the diluting effects of 
terrigenous sandstone and mudstone e.g. shoals within a pro-delta environment. 
Meanwhile, the Westbury ironstone contains oysters and sideritic mudrocks from 
which a lagoonal environment is deduced (Tucker 1981). 
Discussion of the Subathu Formation of Facies Asociation E, with respect to the 
models outlined above 
The black organic-rich mudstones of the Facies Association E are indicative of 
reducing conditions. That the black, organic-rich mudstones are only found at the 
second structural level could be due to two reasons. As this structural level restores 
further north, it could be that in that area, reactivated basement faults led to the 
formation of palaeohighs and restricted fault-bounded basins. Palaeohighs have been 
proposed for the Subathu basin (Raiverman et al. 1983; Lyon-Caen & Molnar 1985; 
Najman et al. 1993) and are known to occur in areas of similar tectonic environment 
e.g. Oman (Robertson 1987), the Appalachians (Jacobi 1981) and Turkey (Flecker in 
press). Alternatively, a marine transgression could have occurred over the entire 
area. At the lowest structural level the basal contact of the Subathu Formation is that 
ofa thrust contact. It is highly probable that a black, organic-rich mudstone facies, 
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similar to that found at the base of the second structural level Subathu Formation, 
was present at the base of the lowest structural level Subathu Formation, but it has 
since been thrust out in the area under study. This is further evidenced by Mathurs 
(1979) work in which he reports pyritic mudstones from the base of the Subathu 
Formation in Uttar Pradesh (see section 6B. 1). 
The black mudstones themselves are indicative of a near shore environment 
with a high input of terrigenous material, as demonstrated by the occurrence of 
quartz, muscovite, laterite and bauxite. Lateritic bauxite is also found at two 
localities as a layer directly above the unconformity beneath the black mudstones. 
This would indicate derivation from a leached land mass, which had been subjected 
to intense tropical weathering, in a situation similar to that described above for the 
Arkansas deposits of U.S.A. (Gordon et al. 1958). The two localities where 
mudstone with micrite or green mudstone rip-up clasts are found between the 
unconformity and the black, organic-rich mudstones might represent a scenario 
similar to that described by Wignall (1989) in which storms were responsible for the 
rip-up clasts found in the Kimmeridge Clay. 
The presence of wood and angiosperm and fungal spores at Subathu 
Township locality and seat earths, soil pisoliths, coal and rootlet horizons at Dalaghat 
are further evidence of a marginal marine to fresh-water environment at the 
intermediate structural level.. This idea is borne out by the lithologies found at 
Dogadda. Here, marine conditions were already in evidence at the start of Subathu 
times, since the Late Cretaceous - Palaeocene Singtali Formation beneath consists of 
lithologies indicative of a shallow marine, high-energy shelf environment (see 
section 5B.2). The start of the Subathu Formation at Dogadda is heralded by 
repeated cycles of black organic mudstones overlain by fine-grained organic 
sandstones topped by chamositic and sideritic oolitic ironstones. Pyritised logs are 
also found. 
From the examples described above, it can be seen that the ironstone 
sequences at Dogadda are very similar to those found in many ironstone sequences. 
From this it can be concluded that the environment of deposition was probably near 
shore, close to a delta system, shielded from clastic sediment input, with deposition 
occurring during a transgressive phase. Six mudstone to ironstone cycles can be 
identified signalling frequent fluctuations in the relative sea level around this time. 
Above the near shore sequence, a more open marine sequence is indicated by the 
occurrence of nummulitic limestones, grey calcareous mudstones and calc-arenites. 
This change is seen in the majority of the intermediate structural level Subathu 
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Formation sequences where the transgressive units pass up into more open marine 
deposits. It should be noted, however, that at Kakara the fauna are entirely of 
Palaeocene age and the typical Subathu Formation assemblage is entirely absent 
(section 6B.1) implying that a marine regression began in Early Eocene times in this 
area. This is further evidence for a very marginal marine environment which would 
have felt the influence of the marine regression at the earliest stages. In some 
localities (i.e. Dogadda and Barog), red facies are found near the top of the sequence. 
At Dogadda the red beds are rare and calcareous, possibly signalling the first 
influence of the overlying Dagshai Formation as described in Section 6A. 1.2. At 
Barog, red sandstone and caliche are present implying true Dagshai Formation 
deposits (albeit thin). Deposition on a palaeohigh could be the cause of this 
extremely condensed sequence. 
6B.2.4 Summary of fades evolution in the Subathu Formation (Fig. 61). 
The most probable evolutionary sequence begins with an initial marine transgression 
of the Subathu sea over an extremely weathered land area. Rocks of Facies 
Association E, characterised by black mudstones were deposited during this period. 
The exception is at Dogadda where marine conditions already prevailed. In this area 
there was a switch from shallow shelf marine facies with little terrigenous input to a 
near-shore shelf environment in close proximity to a delta system discharging 
terrigenous material. Formation of the ironstones resulted. 
The transgression continued and open shelf shallow marine èonditions 
ensued. The start of the marine regression can be seen where the sequence passes up 
from dominantly mudstone lithologies of Facies Association A to dominantly shelly 
limestones of Facies Association B. The regression continued with the red sub-tidal 
to inter-tidal prograding tidal flat deposits, found at Subathu Township (Facies 
Association C) and the lower delta plain facies found at Bilaspur (Facies Association 
D). The first arrival of red beds at this time indicates initial influence from a 
terrestrial source. Finally the transition to the overlying Dagshai Formation 
continental red beds takes place as described in Chapter 7. 
Detailed facies maps and reconstructions of Subathu Formation times are not 
possible due to the poor quality of the exposure and the structural complexity of the 
area. 
Fig. 6m summarises the main Subathu depositional environments. 
114 
lithology 	 fades 	 events 
thin-bedded, interbedded, 
red sandstones, siltstones 
& mudstones 
shelly limestones 
subtidal & intertidal tidal 
flats &lower delta plain 
shallow marine shelf 
red bed influence 
start of marine 
regression 
green carbonate shales 	marine shelf 
anoxic marginal marine, 	initial marine 
c ironstone ooliti 	 I 
- 	 black shales with laterite i I 	 I I close to terrigenous source i 
bauxite clasts 	 I transgression 
Fig. 61: Schematic summary diagram of the lithologies, facies and tectonic events 
of the Subathu Formation (no scale implied). 
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Fig. 6m: Summary diagram showing the Subathu Formation environment 
of deposition (no scale implied) 
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Chapter 7 
The Dagshai Formation 
Lithologies & Facies 
CHAPTER 7 
THE DAGSHAI FORMATION: LITHOLOGIES & FACIES 
In this chapter, the lithologies and facies associations of the Late Eocene to Late 
Oligocene Dagshai Formation will be described with local examples (part A), the 
facies will be discussed and interpreted, and interpretations will be compared with 
those of previous workers (part B). Finally the conclusions will be summarised (part 
Q. For a review of Dagshai Formation age data and stratigraphic context, see 
sections 4.1.3 and 3.3 respectively. 
PART A: LITHOLOGICAL DESCRIPTION & FACIES ASSOCIATIONS OF 
THE DAGSHAI FORMATION 
7A.1. The Dagshai Formation found at the lowest structural level. 
7A.1.1. The basal Dagshai Formation facies (passage beds). 
Lithological descriptions 
The basal Dagshai Formation rocks, i.e. those rocks found at the normal 
contact between the underlying Subathu Formation and the Dagshai Formation, are 
best seen in the area near Dhondan on the Bilaspur-Simla Highway, where a heavily 
faulted sequence gives many repetitions of the contact zone (section 2.3.4). Below 
the coniact zone, the SUbathu Formation consists of typical nummulitc limestones 
and calcareous and non-calcareous mudstones and siltstones as described in section 
6A. 1.1; above the contact zone the Dagshai Formation is similar to the classic 
lithologies described in section 7A. 1.2 with the addition of rare red carbonate beds 
with burrows near the base of the sequence. At the contact zone itself, three 
lithological facies are characteristic, although they do not always all appear; any 
combination of the three is diagnostic of the contact zone. The three lithologies are: 
1) variegated shale, 2) green sandstone and 3) white 'quartz-
arenite'iorthoquartzite/'quartzite'. 
Facies 1: the variegated shales, are mottled red and green shales with occasional 
patchy carbonate. They occur in a zone up to I 2m thick. The shales contain quartz, 
illite/muscovite and anatase, with haematite being responsible for the red coloration 
where present. 
Facies 2: green non-calcareous sandstone, is found as a bed up to 12m thick. The 
rock is fine-grained, grain-supported, poorly sorted and is relatively soft compared to 
the quartzite. The majority of the grains consist of sub-angular quartz (c.53% of the 
total) and metamorphic and sedimentary lithic fragments (c.30% of the total). Of the 
lithic fragments, the sedimentary variety is by far the most common. Other 
components in the rock are chlorite, muscovite, tourmaline, opaques and feldspar, as 
well as matrix. 
Fades 3: hard white non-calcareous 'quartzite', can be found as a thick-bedded unit 
up to 8m thick, or as a series of thin-bedded units of up to lOm total thickness. 
Channel-lag and cross-beds are relatively common. The 'quartzite' is made up of 
over 50% sub-rounded quartz grains. The other major constituent is sedimentary and 
metamorphic lithic fragments, of which sedimentary fragments (often quartz rich) are 
common and the metamorphic fragments rare. Chlorite, muscovite, biotite, 
tourmaline, epidote and opaques are also present. In the channel-lag at the base of 
the quartzite there is less variety in constituent grains. Sub-rounded to sub-angular 
quartz is the most common and lithic fragments are nearly all quartzite. Typical 
'passage bed' transitional sandstone compositions are plotted on the quartz-feldspar-
lithics triangular diagram (Fig. 7a). It can be seen from this that the term quartzite is 
inappropriate for this sandstone. This terminology has probably arisen due to field 
classification without reference to thin sections. In the field the rock is pale coloured 
and hard, resembling quartzite. Inspection of thin sections reveals a high percentage 
of sedimentary lithic fragments however. As a high proportion of the sedimentary 
lithic fragments are themselves quartz rich, this would explain the field 
characteristics. It would be more appropriate to refer to the passage bed 'quartzite' as 
'quartz-rich', but the former term will be retained in this study for the benefit of 
consistency with earlier work e.g. Chaudhri & Pande (1973) and Bhatia (1982). 
Locality examples 
Fig. 7b is a field sketch of a typical contact region where all three facies are present. 
The figure shows Subathu Formation lithologies passing up into the transitional beds 
as described above 
In the region near Dagshai Cantt. (Fig. I b) the contact zone is again visible. 
Following on from the classic Subathu Formation sequence of green shales in the 
lower part and shelly limestone in the upper part (as detailed in section 6A. 1.2 and 
Fig. 6b) the exposure moves up into 30m of green, red, beige and variegated shales, 
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Fig. 7b: Schematic field sketch of the Subathu - Dagshai Formations 
contact zone, Dhondan. 
with one I .5m thick calcareous sandstone present. Above this the 'classic' Dagshai 
Formation is found. 
Facies Associations of the basal Dagshai Formation rocks 
Facies Association A: The passage beds, Facies 1, 2 and 3, as described above, 
comprise Facies Association A. To recap, these facies consist of; 
Facies 1: variegated, green and red shales with patchy carbonate 
Fades 2: green sandstone, thick-bedded, non-calcareous 
Fades 3: hard white 'quartzite', usually thick-bedded. Non-calcareous. Channel-lag 
and cross-bedding common. 
7A. 1.2 the 'classic' Dagshai Formation facies 
Lithological description 
The 'classic' Dagshai Formation consists of red mudstones, siltstones, sandstones and 
caliche horizons. Seven distinctive facies can be recognised, the numbering of such 
lithologies continuing consecutively from the facies described in section 7A. I . 1. 
Facies 4: red, tabular sheet sandstones which are usually single-storied, medium-
bedded, and fine- to medium-grained. Some sands have mud rip-up clasts at the base 
and rare flute marks. Within the sand beds, grading, parallel- and cross-laminations 
can be found, but the beds are often massive. 
Fades 5: red, non-calcareous, thick-bedded, massive mudstones and siltstones. The 
beds are usually massive apart from the occurrence of rootlets. 
Fades 6: variably developed nodular caliche. 
Fades 7: lenticular, thick-bedded sandstone bodies which are often multi-storied, 
and medium- to coarse-grained. The beds can be red in colour, especially in the 
lower parts of the succession, but are often grey. Groove marks, gutter casts, primary 
current lineations and mud rip-up clasts are found at the base of the multistoried 
sandstones, and mud rip-up clasts are also found higher up within a sandstone 
package. Occasionally micritic and quartz-rich sparite clasts also occur along with 
the mud rip-ups. Grading, trough cross- and parallel laminations are found within the 
sandstone beds, but the beds can also be massive. This facies often progresses into a 
fining-up sequence, culminating in mudstone. 
Facies 8: thin-bedded, often very micaceous, fine-grained red sandstones. The beds 
are often parallel-laminated and occasionally cross-laminated or graded. 
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Fades 9: thin-bedded, often micaeous, red siltstone. Sedimentary structures similar 
to those in Facies 8 are sometimes seen. 
Facies 10: thin beds of red mudstone. 
Looking at the sediments in more detail, petrographic analysis of the 
mudstones and siltstones shows that chlorite, kaolinite, muscovite, lepidolite, quartz, 
haematite, albite, calcite and illite are present. The sandstones are mainly sub-
litharenites with a few litharenites, the quartz percentage never dropping below 60% 
(Fig. 7a). (Note that the sandstones from the 'classic' Dagshai Formation contain 
significantly less lithic fragments compared to the basal Dagshai Formation passage 
beds). The sandstones are grain-supported, and the clasts are generally angular to 
sub-rounded. In some samples there is a poor alignment of micas. The components 
which make up the sandstones are polycrystalline and monocrystalline quartz, 
displaying straight or undulose extinction, feldspar, lithic fragments (both 
sedinontary and schistose metamorphic), muscovite, biotite, chlorite, tourmaline, 
epidote, opaques, zircon and glauconite in a few samples near the base of the 
sequence. 
Plate 7a shows a typical Dagshai Formation sandstone in thin-section. 
The following descriptions of local areas illustrate the occurrence of the 
various facies. Three good examples of the lower parts of the Dagshai Formation 
sequence are found between Dharampur and Dagshai Cantt., at Tons Valley, Kalsi 
and on the Dagshai - Nahan Highway (see Fig. ib). A good example of the upper 
part of the succession can be found at Dagshai Cantt. 
Locality examples 
Example 1: Dharampur-Dagshai Cantt. In the first example, north of Dharampur, 
the sequence, illustrated in Fig. 7c, leads directly on from the Subathu Formation 
after the transitional passage beds which in this case are represented by variegated 
shales (Facies I). It can be seen that the base of the succession consists dominantly 
of red tabular sheet sandstones (Facies 4) interbedded with red mudstone and caliche 
(Facies 5 & 6). Some of the sandstones have mud-rip-up clasts at the base, but 
otherwise the beds are massive. Further up the succession shown in Fig. 7c, the 
proportion of mudstone decreases and the units are beginning to show well-defined 
fining-up cycles, with multi-storied red sandstones (Facies 7) fining up to siltstones, 
mudstones and caliche. Some of the sandstones have mud rip-up and other clasts, 
and some show trough cross- or parallel laminations. Many of the beds are massive. 
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Plate 7a: Photornicrograph of typical Dagshai Formation sandstone viewed between 
crossed polars at a magnification of x25. Note abundant quartz, lithic fragments and 
the epidote grain (top left). 
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Fig. 7c: Dagshai Formation sequence between Dharampur 
and Dagshai Cantt. 
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One sandstone sequence is more lenticular, with an erosive base and intraformational 
conglomerate containing clasts of Subathu-like micrite and quartz-rich sparite, plus 
mudlsiltstone rip-up clasts. 
Example 2: To,is Valley, Kaisi. At Tons Valley, Kalsi, the succession is 
much thicker (560m) and mudstone is more dominant (Fig. 7d). Caliche is absent. 
It can be seen clearly that the sandstones increase in the bed thickness up-section. 
The lower part of the succession is dominated by Facies 4 type red tabular sheet 
sandstones, sjltstones and mudstones. Parallel- and cross-laminations are common in 
the bottom part of this lower sequence, and grading is sometimes found. In the upper 
part of the succession, the sandstones and mudstones are thicker, lenticular channel 
sands of Facies 4 type are found and fining up sequences are better defined with 
sandstones grading into siltstones and mudstones. Many of these sands are grey 
coloured, multistoried, with common mud rip-up horizons and parallel- and cross-
laminations. Rare groove marks also occur. 
Example 3: Dagshai-Nahan Highway. The third example, from the Dagshai 
- Nahan Highway (Fig. 7e), displays abundant rootlets and caliche. Red mudstones 
and red tabular sheet sands, which show parallel-, cross- and ripple-laminations, plus 
the caliche, dominate the sequence. Facies 4, 5 and 6 are represented. The thicker 
grey sandstone sequence, with the erosive base and mud rip-up clasts, represents a 
channel sequence more akin to Facies 7. 
Example 4: Dagshai Cantt., Dagshai-Nahan Highway and Dharamsala. 
Higher up the Dagshai Formation succession, thicker, often lenticular and 
channelled, sandstones of Facies 7 dominate over the mudstones and tabular sheet 
sands of Facies 4 and 5. A log from Dagshai Cantt (Fig. 7f) shows the prevalence of 
these thicker, often multi-storey, sandstone bodies which locally display mud-rip ups 
at the base, parallel- and cross-laminations and a fining up sequence through 
siltstone to mudstone and caliche. The thick sandstones are better developed and the 
fining-up cycles are more clearly defined in the topmost Dagshai Formation, as 
exposed along the Dagshai-Nahan Highway and at Dharamsala (Fig. lb). Figs. 7g. 
7h and 7i illustrate the variability of the channels. Fig. 7g. from the Dagshai-Nahan 
Highway, shows a massive, 4m thick grey coarse-grained sandstone with mud rip-up 
clasts at the base, cutting down through the underlying fine-grained tabular sheet 
sandstones and rnudstones. The channel shown in Fig. 7h, also from the Dagshai-
Nahan Highway, differs from that shown in Fig. 7g in a number of aspects. The 
sandstone at this locality, as well as being relatively rich in sedimentary structures, 
appears to be a composite body, composed of five individual beds. The basal sand 
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In this part of the succession, the sandstone and mudstone beds 
are thicker, fining up sequences are better defined and lenticular 
channel sands are also found. 
Mud rip-up horizons, parallel- and cross-laminations are 
common, rare groove marks also occur. 
The enlarged section shows a 'channel sand' in more detail. 
this part of the succession is dominated by tabular sheet sands, 
siltstones and mudstones. Parallel- and cross-laminations are 
common in the bottom part of the succession, and grading 
is sometimes found. 
Key as for Fig. 7c 
Fig. 7d: Log showing simplified succession at Tons Valley, Kalsi 	124 
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Fig. 7e: A log of the lower part of the Dagshai Formation from the 
Dagshai-Nahan Highway, showing the dominance of Facies Association B. 
Facies Association C (the channel units) are minor. 
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Fig 7g: Channel unit within the Dagshai Formation, Dagshai-Nahan Highway. 
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Fig 7i: Channel sequence from the Dagshai Formation at Dharamsala 
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has an extremely erosive base with gutter casts which cut down into the underlying 
rootlet rich mudstone. The basal sandstone has a 20cm-thick channel lag, composed 
of mud rip-up clasts at the base, and beds of intraformational conglomerate are found 
at two further horizons higher up the sandstone body, although the higher horizons 
are thinner and contain less clasts. The clasts are also smaller. Ripple-, parallel- and 
undulose parallel laminations are found at intervals throughout the composite 
sandstone body. Fig. 71 illustrates a channel at Dharamsala which is over lOm thick. 
This channel again consists of more than one sandstone bed, although the channel lag 
is, in this case, largely confined to the base of the unit. Parallel laminations 
dominate, and cross-laminations are rare. The topmost sandstone bed has a rippled 
top draped with mudstone, and above this there are thinner bedded ripple cross-
laminated siltstone beds which are overlain by mudstone horizons with rootlets. 
Primary current lineations are also found on the base of some beds although 
none are present in the examples illustrated above. Palaeocurrent measurements 
taken from these primary current lineations and from the cross-beds described above 
show a relatively large amount of variation in orientations, in a general direction 
towards the SE and SW (Fig. 7j). 
Facies 8, 9 and 10 are locally found in the upper section of the Dagshai 
Formation succession. These lithologies are planar and thin-bedded, interbedded 
sandstones, siltstones and mudstones (Fig. 7k). The beds, which can be very 
micaceous, are often parallel laminated and occasionally cross-laminated or graded. 
None of the above examples illustrate the relationship of Facies 6 caliche to 
the Facies 7 sandstone channels. Caliche can form at the top of a classical fining-up 
sequence as seen in e.g. Fig. 7f, but it can also be found directly overlying the tabular 
and channel sandstones. This association can be found throughout the succession, 
from the lowest part of the sequence, e.g. at Dhondan (Fig. I b), to the higher part of 
the succession as exposed in areas along the Dagshai-Nahan Highway. It should be 
stressed that in some areas, for example Tons Valley at Kalsi, Bilaspur and 
Dharamsala, caliche is absent entirely. 
Facies Associations of the rocks of the 'classic' Dagshai Formation 
Facies 4-10, as described in detail above, can be divided into three facies 
associations. The lettering of the facies associations continues on from that of 
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Fig 7k: Thin bedded sequence from the Dagshai Formation at 
Kumarhatti near Dagshai Canit. 
(Sandstones are often micaceous and siltstones are often slightly nhicaceous) 
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Facies Association B: This facies association is made up of facies 4-6. To recap, the 
facies are: 
Facies 4: red, tabular sheet sands, medium-bedded, usually massive, with some 
grading, parallel- and cross-laminations. Rare channel-lag and groove marks. 
Facies 5: red, thick mudstones and siltstones which can contain rootlets. 
Fades 6: caliche. 
In this facies association, Facies 5 is dominant. Facies Association B makes up the 
majority of the lower part of the classic' Dagshai Formation succession. 
Facies Association C. This facies association is dominated by Facies 7, sometimes in 
conjunction with facies 6. A summary of these two facies is given below. 
Fades 7: red or grey, thick-bedded sandstones which can be lenticular and multi-
storied. The sandstones often grade up into a fining up sequence of red siltstone and 
mudstone beds, sometimes culminating in caliche (Facies 6). Sedimentary structures 
can include channel-lag, groove marks, grading, cross- and parallel-laminations. 
Facies Association C, where sandstone is of a higher proportion than mudstone, 
dominates the upper part of the 'classic' Dagshai Formation succession. As Facies 
Association B dominates the lower part of the succession, this results in an overall 
increase in the sandstone:mudstone ratio up-section. 
Plate 7b shows part of a typical Dagshai Formation sequence, located approximately 
in the middle of the sequence (i.e. transitional between the mudstone dominated 
lower part and the sandstone dominated upper part). 
Facies Association D: this facies association is composed of interbeds of facies 8-10. 
These are: 
Fades 8: thin-bedded red sandstone, often parallel-laminated, occasionally cross-
laminated or graded. 
Facies 9: thin bedded red siltstone, usually massive but can show sedimentary 
structures as described in Facies 8. 
Fades 10: thin bedded red mudstone. 
This facies association, which is found in the upper part of the classic Dagshai 
Formation succession, is rare. 
Plate 7c illustrates this facies association. 
7A.2 The Dagshai Formation found at the intermediate structural level. 
Red coloured lithologies are found at two intermediate structural level 
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Plate 7b: Typical Dagshai Formation rocks, located in the middle part of the 















. 	 ,u1 	• -. 
':' 	
•:-;'; 
Plate 7c: Facies Association D. Dagsliai Formation. at Kumarhatti. near Dagshai 
135 
both localities, the majority of the red facies is better assigned to the red uppermost 
Subathu Formation, as described in section 6A. 1.2. However, a small amount of the 
upper part of these red sequences resemble the 'classic' Dagshai Formation. At 
Barog, a poorly developed caliche horizon is found above the marine Subathu 
Limestone horizon, and at Dogadda the sequence passes up from alternating red and 
green beds (as described in section 6A.2) to a thin unit (less than 15m before the 
exposure ran out) consisting entirely of red beds. Unfortunately this sequence was 
unmappable due to the limited exposure. 
7A.3 The probable Dagshai Formation found at the highest structural level. 
Lithological Description of the sediments found at the localities 
Eleven facies are found at this structural level, observed at Maigal and at Drang (both 
near Mandi) (Fig. 1 b). They are described below. 
Fades 11: This facies is a red coloured micro-conglomerate which is thin-bedded, 
quite well to poorly sorted and matrix supported. Parallel and cross-laminations are 
found in some beds. In addition, some beds are leitticular. The clasts range in size 
from 0.2 to 2.0 cm diameter and are sub-rounded to angular. The clasts consist of 
lithic fragments of red and light pink mudstone, red fine-grained sandstone, iron-
stained limestone, igneous and metamorphic rock fragments, plus quartz and sparite. 
The matrix is calcareous, mud to fine-sand grade and usually red in colour but 
sometimes green. X-Ray diffraction analysis allows the detection of the presence of 
quartz, ankerite, dolomite and haematite. Fig. 71 is a log of the micro-conglomerate 
at Drang. 
Fades 12: This sandstone facies is a green-brown coloured, quartz and mica rich, 
medium-grained calcareous grit. It is often salt encrusted and mafic minerals appear 
to be concentrated at the base. In thin section, the sediment resembles the 'classic' 
Dagshai Formation sandstones except that the quartz is often equant, the micas are 
often foliated and garnet is common. Also, the tourmaline is blue rather than green 
in colour as found in the 'classic' Dagshai Formation sandstones. 
Fades 13: 	The cream/buff sandstone is thin-bedded and non-calcareous. It is also 
medium-grained, parallel and cross-laminated. The parallel laminations are generally 
picked out by fine dark layers. Quartz and rare muscovite are found in a micrite 
matrix. This facies, and Facies 14 are characterised by pervasive soft-sedimentary 
deformation as described in section 2.3.2. 
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Igneous, metamorphic and sedimentary lithic clasts 
are sub-angular to sub-rounded, 0.2-1 cm in diameter. 
No orientation of clasts. 
Rock is matrix suported and poorly sorted. 
Matrix is red silty sand. 
Parallel laminations are common. 
IN Green coloured micro-conglomerate, often lenticular bedded, 
but with some planar beds nearer top of sequence, 
clasts are unoriented but better sorted 
than the red microconglomerate, and 
there is a much higher proportion of clasts 
in this facies (verging on clast supported). 
Clast composition is more limited, restricted to 
sedimentary fragments. 
Cross-laminations are sometimes visible. 
T 10cm 
Fig. 71: Log of the microconglomerate from Facies 11 of the 
Dagshai Formation highest structural level. 
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Fades 14: this red mudstone and siltstone is also characterised by the pervasive soft-
sedimentary deformation that affects Facies 13. The deformation is described in 
section 2.3.2. The red mudstone and siltstone is thin-bedded and non-calcareous. 
Facies 15: Facies 15 consists of undeformed, thinly bedded (1-3cm thick) 
calcarenites. The calcarenites are fine to coarse-grained and usually buff coloured. 
Cross and parallel laminations are common and rippled tops also occur. The sands 
often grade into siltstone or mudstone or are interlaminated with them on a 
millimetre scale. 
Fades 16: This facies consists of calc-siltites and micrites which are sometimes buff 
coloured but often red. The beds are undeformed and thinly bedded (1-3cm thick). 
Parallel and cross-laminations are common. 
Facies 17: Facies 17 consists of pink marl. The unit is usually massive and 
undeformed, but it can be parallel laminated on a 10cm scale, brecciated or show 
evidence of soft sedimentary deformation. The brecciation and deformation is 
concentrated in layers approximatley 10 cm thick. Occasionally it is found 
interbedded with rare, thin-bedded, parallel and cross-laminated calcarenite. X-Ray 
diffraction analysis allows detection of the presence of quartz, microcline, dolomite 
and sylvite. 
Facies 18: 	Facies 18 is collapse brecciated, thinly bedded (less than 3cm thick) 
gypsiferous and calcareous sandstone. The sandstone is brown coloured, fine grained 
and cross-laminated. Locally, flasér bedding is found. Brecciation and soft 
sedimentary deformation is described in Facies Association H. 
Fades 19: Facies 19 is collapse brecciated, thinly bedded (less than 3cm thick) 
gypsiferous and calcareous siltstone. The siltstone is orange-buff coloured and 
parallel laminated. In places, the siltstone is banded on a millimetre scale in purple 
and red bands. As for Facies 18, the deformation is described in Facies Association 
H. 
Facies 20: The mudstone is red and parallel laminated. It is calcareous and can be 
gypsiferous. It is thinly-bedded (less than 3 cm thick) and collapse brecciated (see 
Facies Association H) 
Fades 21: Facies 21 is a sedimentary melange. Angular clasts of Facies 1 8-20 are 
found, ranging in size from 0.5 to 15 cm. These occur within a quartz rich, 
arenaceous matrix. Halite pseudomorphs are also found. Soft sedimentary 
deformation is common. A brick red, more shaly material has infiltrated these 
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lithologies along with specular haematite. This material probably the result of 
mineralising fluids travelling along the thrust plane at the base of the Jutogh nappe. 
The specular haematite is also found in the other lithologies mentioned, often in 
veins or vugs. 
Facies Associations of the highest structural level Dagshai Formation sediments 
Five facies associations can be recognised for the highest structural level Dagshai 
Formation sediments. They are listed below, continuing with the lettering system 
from section 7A. 1.2. 
Facies Association E: Facies Association E consists of the Facies 11 and 12. These 
facies, as described above, are: 
Fades 11: micro-conglomerate. 
Facies 12: green-brown, often salt-encrusted, calcareous sandstone. 
Facies Association F: This facies association is composed of Facies 13-16 as 
described above. These facies are, in summary: 
Facies 13: parallel- and cross-laminated, thin bedded cream/buff sandstone. 
Facies 14: thin-bedded red mudstone and siltstone. 
Fades 15: buff coloured, thinly bedded calc-arenites which can have cross- or 
parallel laminations and a rippled top. 
Facies 16: buff or red caic-siltites and micrites, thin-bedded, parallel and cross-
laminated in places. 
Facies 13 and 14 are always found interbedded, with the sandstone making up 
approximately 70% of the unit. This interbedded unit is characterised by pervasive 
soft sedimentary deformation. This deformation has resulted in the bedding being 
extremely contorted as well as extremely variable in thickness. A small amount of 
brittle deformation has also subsequently taken place. This is represented by small 
scale faults which disrupt the bedding, the offset being less than 1cm, and by beds 
which have been completely disrupted, the remains being found as small (less than 1 
cm) blocks surrounded by the mudstone matrix, often all continuity of bedding 
having been lost. Small-scale channelling of the sandstone is possible, but the extent 
of deformation precludes an accurate assessment. 
Facies 15 and 16 are interbedded and undeformed. The calc-arenites constitute 
approximately 10% of the interbedded sequence. Fig. 7m shows a log of interbedded 
Facies 15 and 16. 
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Fig. 7m: Log of interbedded Facies 15 and 16 of the Dagshai Formation 
highest structural level at Maigal. 
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Facjes Association G: Facies 17 is the sole constituent of this Facies Association. 
Fades 17: as described above, Facies 17 is a pink marl with traces of sylvite. 
Occasionally it is found interbedded with rare thin-bedded, parallel- and cross-
laminated calc-arenite. 
Facies Association H: This facies association consists of the lithologies described as 
Facies 18-20 above. 
Fades 18: thinly bedded, brown, cross-laminated gypsiferous sandstone. 
Fades 19: thinly bedded, orange-buff, parallel-laminated gypsiferous siltstone. 
Facies 20: red, parallel laminated, gypsiferous marl. 
Facies I 8-20 are found interbedded, sometimes on a millimetre scale, the laminations 
often being coloured a variety of reds, browns and greens. Soft sedimentary 
deformation was observed in places, throughout this interbedded unit, but, by far the 
most common deformation was brecciation. The finer-grained siltstone beds were 
more susceptible to in-situ brecciation, and many of the beds are now found as 
individually disrupted and broken up layers which are however still traceable (i.e. 
continuous). Where brecciation has been particularly severe, a collapse breccia has 
resulted, whereby the beds are no longer coherent and angular blocks of the siltstone 
are found in all orientations, with smaller clasts of the same rock type forming the 
matrix. Fig. 7n shows a log of this sequence. 
Facies Association I. this consists of only one facies, Facies 21. 
Fades 21: a varied set of lithologies which together make up a sedimentary melange, 
as described above. 
The stratigraphic relationship between the various facies associations could 
not be determined in detail due to the lack of exposure. However, it appears that 
Facies Associations E-G occur near the lower part of the succession, with Facies 
Association H occurring higher up in the succession and Facies Association I at the 
top. 
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Fig. 7n: Log of Facies Association H of the Dagshai Formation 
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red mudstone, buff sst, which is discontinuous and flaser bedded 
142 
PART B: FACIES INTERPRETATION 
713.1 Previous work 
7B.1.1 Basal and 'classic' Dagshai Formation lithologies 
Interpretation as turbidite deposits 
Early work has a strong bias towards interpreting the red coloured Dagshai 
Formation as turbidite deposits. This is largely due to the fact that early workers 
were building on a concept, which I consider erroneous, by Raiverman et at. (1961) 
and Raiverman and Raman (1971). This concept, as discussed in section 6B.l is that 
where the green Subathu Formation rocks and the red 'Dagshai Formation' rocks are 
seen to be intercalated at Dhondan, this is due to sedimentary intertonguing, not 
tectonics, and therefore the rocks of these two formations are laterally equivalent 
facies. As the Subathu Formation sediments are obviously marine, Raiverman et al. 
(1961) interpreted the facies as the result of repeated transgressions and regressions 
in a shallow sea. On this basis, they and others have also interpreted the entire 
Dagshai Formation red bed sequence, even where no green beds exist, under the 
above conditions. For example, Chakraborty et al. (1962) and Raman & Ravi (1963) 
believed that the red beds were the result of turbidity currents and the green material 
was reworked from the shelf areas. 
Raiverman & Seshavataram (1965) continued with this concept and gave a 
detailed breakdown of the depositional environments of the 'red facies' of the 
Subathu Formation (i.e. the Dagshai Formation). Their evidence for a turbidite 
interpretation for the red rocks lay in their recognition of graded bedding, small scale 
cross-bedding, slump structures, clayey matrix, uniform lateral thickness, the 
presence of coarse clastics and large plant debris and the absence of fossils. They 
also used 'C-M' patterns (Passega 1957), where 'M' is the median diameter of a 
detrital fragment obtained from a cumulative curve of grain-size distribution and 'C' 
is the one percentile diameter obtained from the same curve. According to 
Raiverman and Seshavataram (1965), this method can be used to decipher the 
depositional agent of the rock. Raiverman and Seshavataram (1965) carried out C-M 
analysis on the 'red facies' and the patterns (C=M) were characteristic of sediments 
carried fully in suspension by an aqueous current (Passega 1957). This, plus wide 
extension of the beds and the fine texture of the sediments indicated to them that 
transport was by wide sheet flows of relative low velocity. They did, however, note 
that certain features, i.e. cross-bedding and lateral impersistence of beds, are not 
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normally associated with turbidites. They explained these anomalies as due to 
uneven bottom topography of the basin, which would channel or partially dam the 
turbidity currents. 
Raiverman and Seshavataram's (1965) overall interpretation for the so-called 
interleaved red and green facies, was that the green facies were deposited when quiet 
conditions prevailed and the red beds were indicative of a turbiditic regime. The 
lower part of the unit (i.e. where there are no red beds present) was deposited during 
the initial transgression under quiet conditions. Subsequently, the basin deepened 
and slumping and deposition by turbidity currents began. Wherethe green and red 
beds are found interleaved (e.g. at Dhondan), this represents an interrupted process of 
turbidite sedimentation, possibly due to a submarine ridge, with green beds being 
deposited during quiet intervals. The upper part of the sequence, where there are no 
green beds, was interpreted as having been laid down during a phase when the 
turbidity regime dominated, thereby suppressing any green bed deposition. 
Bhattacharya (1970) agreed with the turbidite interpretation. His own work 
was based on the clay minerals and trace elements found in the rocks. He compared 
the green and red facies and stated that kaolinite dominated over illite in the green 
facies, which was indicative of a shallow, near shore water depths, whilst the red 
facies contained less kaolinite, indicative of deposition, possibly by turbidites, in 
deeper parts of the basin. More clay studies were carried out by Raiverman & 
Bhattacharya (1973) who believed that the presence of partially degraded illite and 
chlorite in the red facies was indicative of sedimentation in shallow, epicontinental 
seas. 
Interpretation as shallow, fresh-water deposits 
A shift away from the turbidite interpretation began with Chaudhri (1966) who noted 
that the occurrence of the fresh water gastropods Planorbis and Bullinus, as 
described by Bhatia & Mathur (1965) in the Subathu-Dagshai Passage beds, was 
evidence for the onset of fresh-water conditions. He therefore postulated a shallow, 
fresh-water environment for the Dagshai Formation. 
Interpretation as shallow, marine to brackish deposits 
Datta (1970) agreed with the shallow-water idea, but believed that the basin was 
marine to brackish. He considered the turbidite interpretation to be wrong for a 
number of reasons. Firstly, he maintained that the well-preserved nature of the leaf 
impressions found precluded transport by turbidity currents. Secondly, he discovered 
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haematite nodules which he stated could in no way be considered a deep-water 
phenomenon. In addition, he maintained that the graded bedding mentioned by the 
proponents of the turbidite regime was very poorly graded if at all, and the slumps 
and other supposed structures indicative of turbidites were extremely rare. He went 
on to state that while red beds are indicative of shallow water oxidising environments 
as well as deep-sea sediments, the latter environment was unlikely for these rocks 
because they contained no pelagic fauna. He therefore favoured a shallow water 
environment, with low-energy being deduced from the lack of sedimentary structures. 
A shallow-marine setting is envisaged following the work of Raiverman (1964), who 
stated that the vanadium / nickel ratios of the Dagshai Formation indicated a marine 
environment. Other proponents of the brackish water lagoon model were Wadia 
(1975) and Krishnan (1982). 
Interpretation as tidal flat and coastal deposits 
A third school of thought interpreted the Dagshai Formation as tidal flat and coastal 
sediments. Raiverman & Raman (1971), turned away from Raiverman's earlier 
turbidite interpretation, but they were still constrained to a marine facies 
interpretation for the Dagshai Formation if they were to uphold their belief that the 
Dagshai Formation is a laterally equivalent intertonguing facies of the marine 
Subathu Formation. Raiverman & Raman (1971) described the sediments as 
lenticular sandstones, with common small scale cross-bedding and rare convolute 
laminations, situated within thick shale zones. The channels generally become finer 
towards the top, grading into siltstones and shales, and the channels are often filled 
with cross-bedded sand and rare sole marks. Ripple marks are common. The authors 
stated that this evidence is indicative of a tidal flat environment, with the channel 
sandstones representing bars formed by distributary streams and tidal channels. The 
earlier confusion with turbidites was made on the basis of graded bedding, lateral 
persistence and 'C-M' patterns. The authors then went on to point out that many 
similarities exist between grading and fining-up cycles found in shallow water and 
continental deposits, and that deposition from graded suspension, as indicated by the 
'C-M' patterns, could also have taken place from stream load. In addition, the 
absence of deep-water pelagic fauna, the thickness of the beds and the common 
appearance of symmetrical wave ripple marks, large scale cross bedding and 
megaripples, makes deposition from turbidite currents unlikely. Finally, the authors 
noted that within the sandstones, there are fluctuations in grain size and 
intraformational conglomerates are found within the beds as well as at the base. 
They, therefore, concluded that these features appear to indicate a rather fluctuating 
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current mechanism typical of shallow water and fluvial regimes. They stated that 
deposition of such sand bodies represents a shift from tidal to more continental 
environment, but they did not elaborate further, possibly due to constraints imposed 
by their model described in the same paper and above. Their final conclusion was 
that the features found in the beds are suggestive of sedimentation in shallow waters, 
but the possibility of shallow-water turbidites, both marine and fluvio-marine should 
not be ruled out. 
Other authors also envisaged a coastal facies, based mainly on studies of the 
Subathu-Dagshai transition rocks. Mathur (1979) interpreted the variegated shales 
found at the actual contact zone as fluvial paralic sediments deposited during a time 
of alternating marine and continental environments. He made this conclusion firstly 
on the basis of fresh water fossils found close by and secondly on the interpretation 
made by Clarke (1962) who stated that variegated shales are the result of 
sedimentation in a fluvial regime under warm wet and equable conditions. The white 
sandstone also found at the Subathu-Dagshai transition zone has been interpreted by 
Raiverman et al. (1983) and Srivastava & Casshyap (1983) as being from a coastal 
barrier or beach environment. Finally, Singh & Khanna (1980), on the basis of a 
palynological study, came to the same conclusion. They recorded the presence of a 
distinct coastal type spore pollen assemblage from the Dagshai Formation, including 
the pollen Palmaepollenites-Inaperturopollenites and Podocarpidites-complex. 
7B.1.2 Dagshai Formation from the intermediate structural leveL 
The sediments from the intermediate structural level have not been interpreted in 
terms of the environment of deposition by previous workers. 
7B.1.3 Dagshai Formation from the highest structural level 
Little has been written on the environment of deposition of these deposits. 
Chakraborty et al. (1963) were not specific as to the facies interpretation of the 
sediments they described. They considered that the limestone breccia was derived 
from the Lesser Himalayan nappes, and that the finer-grained grits were deposited in 
hollows in front of the nappes. The salt mans represent tranquil periods, when 
deposition of evaporites could take place. Singh et al. (1979), although not believing 
that the deposits are of Tertiary age (see section 4.1.3.2), interpreted the sediments on 
the basis of the occurrence of acritarchs of exclusively marine origin, which 
flourished in the shallower parts of ancient seas. He therefore concluded that the 
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evaporites were probably formed in the extremely shallow part of the epicontinental 
sea, where evaporation was greater that inundation. 
713.2 Interpretation based on the work for this thesis 
7B.2.1 Basal Dagshai Formation facies of the lowest structural level 
I interpret the 'passage bed' sandstones (Facies 2 & 3) as being from a similar 
environment to that which was prevailing at the time when the Facies 7 sandstones 
were being deposited, i.e. a semi-arid fluvial setting where the sandstones are channel 
sands. This facies is discussed in more detail in the following sections. The 'passage 
bed' sandstones are very similar, both texturally and mineralogically, to the grey 
coloured thick sandstones found higher up the Dagshai Formation succession, 
described as Facies 7 sandstones in section 7A.1.2. It is possible that previous 
workers misinterpreted the grey and green coloured sandstones at the base of the 
sequence, because the sandstones are surrounded completely by red mudstone, with 
which they make a striking contrast. Similar sandstone beds higher up the sequence 
are less striking as the proportion of grey sandstone to red beds is higher. 
I do not agree with previous workers beach/barrier interpretation as described 
in section 713.1.1. Beach / barrier sandstones are characterised by their textural and 
mineralogical maturity (McCubbin 1982; Tucker 1987). Neither the quartz rich 
sandstone or the green sandstone are texturally or mineralogically mature. Both 
sandstones are relatively poorly sorted litharenites as illustrated in the Q-F-L 
triangular diagram (Fig. 7a), and the quartz-rich sandstone often has mud rip-up 
horizons at the base of some of the beds, atypical for a barrier or beach environment. 
In addition, the sandstones often lie above and below rootlet and caliche horizons, 
indicative of long periods of emergence, sufficient for the formation of soil horizons. 
The variegated shales (Facies 1) are not necessarily the result of deposition in 
a fluvial regime under wet, warm and equable conditions (Clark 1962). More recent 
work (Turner 1980) has shown that Clark's field classification, based on colour 
related to sedimentary structures, textures and fossil content, had a major failing in 
that too much significance was attached to the exact colour of the red beds. Turner 
stated that since Clark's work, advances in our knowledge show that pigmentary 
oxides may form in red beds in a variety of ways and so red bed classification based 
on colour or the origin of colour is likely to be misleading. 
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7B.2.2 The 'classic' Dagshai Formation facies of the lowest and intermediate 
structural level 
The data collected during this study makes it clear that the Dagshai Formation 
accumulated exclusively in a continental environment. Indicators of a continental 
environment (rather than a marine environment as proposed by many previous 
workers (section 7B. 1.1)) are an abundance of caliche and rootlet horizons within the 
red bed succession, a lack of marine fossils, and sandstones which are 
characteristically immature and relatively poorly sorted, not typical of a coastal 
environment. 
Red bed deposition is commonly considered to be the product of deposition in 
a hot arid or semi-arid climate. However, as Turner (1980) pointed out, it is now 
known that red beds occur in both dry and moist tropical climates. Walker (1974) 
distinguished between the two environments. He described red beds of the and / 
semi-arid setting as being associated with aeolian sands, desert fluvial sediments and 
evaporites formed in playa lakes and inland sabkhas, whilst red beds deposited in a 
moist climate were interbedded and interfingered with coal-bearing strata. The red 
beds of the lowest structural level Dagshai Formation, interpreted as desert fluvial 
sediments (see later sections), contain tap root horizons, a complete lack of organic 
material, and caliche horizons which, according to Goudie (1973), are indicative of 
an arid to semi-arid environment with a marked seasonal rainfall and a relatively high 
mean annual temperature. The beds of the highest structural level contain evaporites 
which are interpreted as ephemeral lake deposits (see following sections). Therefore, 
it can be concluded that the red beds of the Dagshai Formation were deposited in a 
hot and dry (i.e. semi-arid) rather than hot and wet climate. 
In the following sections I will firstly describe the theoretical models of the 
facies which I believe are found in this Formation (i.e. fluvial meandering, sheet-
flood, flash-flood and ephemeral environment, distal alluvial fan, levees and 
overbanks) and then, using examples and comparisons, I will describe how I believe 
these components are represented and fit together in the Dagshai Formation. 
7B.2.2. I Fluvial meandering facies 
Theoretical model of flu vial meandering sequences with descriptions of channel, 
levee and floodplain facies: 
The model described below is summarised from Allen (1970), Jackson 
(1978), Punt (1983) and Walker & Cant (1984). 
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Fig. 7o illustrates a typical sequence as found in a fluvial meandering deposit. 
It can be seen that the sequence fines upwards, from a coarse-channel lag at the base, 
through sands to fine grained silts and mudstones. In general, the sandstones are 
confined to channels and the fine-grained sediment i.e. siltstone and mudstone 
represent overbank deposition on levees and floodplains. 
In a meandering channel, deposition occurs on the inner parts of the meander. 
The depositional area, the point bar, builds out by lateral accretion. At the base of 
the point bar there is often a channel lag, together with water-logged plant material 
and partly consolidated blocks of mud eroded locally from the channel wall. Above 
this lies trough cross-stratified sand, and higher still cross-laminated sand is found, 
representing deposition from shallower parts of the flow, higher up on the point bar. 
Parallel laminations can replace or be interbedded with the cross-bedding in 
environments where the velocities are higher, depths are shallower and grain sizes 
are finer. This environment can be found both high and low on the point bar. The 
fining-up texture is the result of decelerating flow higher up the point-bar. Gradually 
decelerating flow up the point bar results in the transport of increasingly finer 
sediments. Within these deposits, lateral accretion surfaces or epsilon cross-beds 
which represent former point bar surfaces, can be found if lateral accretion was 
episodic or there were periods of erosion during overall accretion. 
When meander loops are breached and abandonment occurs, gradual flow 
decrease results in sequences which display low-flow sedimentary structures i.e. 
ripple cross-lamination. After complete abandonment, sediments are restricted to 
very fine-grained sandstone, fine-grained siltstone and mudstone deposited during 
overbank flooding. These overbank materials build up by vertical accretion and are 
heavily influenced by proximity to the channel. Near to the main channel, when the 
river overtops its banks, deposits tend to be sandy and silty, graded and sometimes 
cross-laminated. Beds are centimetre bedded. If a levee is breached catastrophically, 
the bed will have a sharp base, often with parallel laminations at the base. This can 
then pass up into ripple cross-lamination, but massive beds are also common. If a 
period of emergence follows, the levee deposits may be capped by, for example, 
rootlet horizons. Further from the river, finer grained floodplain mudstones are 
dominant. Since this area will only be reached by larger floods, periods of 
emergence are of longer duration. Evidence of emergence is often found in the form 












































The above description represents the ideal model. It should be noted that 
considerable variation and deviation from the idealised model does occur. The 
typical epsilon cross bedding is rare, there can be a scarcity of cross-stratification, an 
absence of natural levees and a sheet-like rather than ribbon like geometry to the 
channel facies. 
Case studies 
Two good examples of meandering fluvial deposits are the Bagshot Beds of 
the Hampshire Basin (Plint 1983), parts of the Old Red Sandstone of Wales, New 
York State and Pennsylvania (Allen 1970). 
The Bagshot Beds: The Bagshot Beds, of Middle Eocene age, comprise point-bar 
sands and laminated interchannel muds. The point bar sands form erosive-based and 
upward fining sequences, 3-I 5m thick, which are laterally traceable for hundreds of 
metres. Basal erosion surfaces are usually overlain by intraformational mudstone 
clast conglomerates. The bulk of the point-bar is composed of decimetre-scale 
trough- and tabular cross-bedded coarse to fine sand. This is sometimes interbedded 
with low angle or horizontally laminated sand or with convolute bedding. Rarely, the 
upper part of the point bar is preserved. This consists of fine, rippled or plane 
laminated sand passing up into thin interbedded fine sand and mud of the levee. 
Overlying this is the floodplain mudstone which shows abundant evidence for 
deposition in vegetated flood basins subjected to alternate flooding and desiccation. 
Palaeocurrents are generally consistent within sequences but diverge widely between 
sequences. Epsilon cross-bedding is rare. 
The Old Red Sandstone: The Old Red Sandstone rocks also have well developed and 
numerous fining-up cycles. Six facies are noted within these cycles, although some 
cycles do not show all six facies. Beginning at the base of a typical sequence, the six 
facies are i) conglomerate facies; clasts are usually intraformational siltstone, very 
fine sandstone or calcareous concretions, but exotic clasts are also found in some 
sections. The base of these beds are invariably sharp and erosive. ii) cross-bedded 
sandstone facies; thick-bedded, fine to medium grained sandstone beds with large 
scale cross beds. iii) flat-bedded sandstone facies; moderately thick bedded, fine to 
very fine-grained sandstone beds with horizontal to low-angle laminations less than 
0.2 cm apart. iv) cross-laminated sandstone facies; the sandstones are thin-bedded 
and very fine grained. As well as cross-laminations, rippled tops are common. v) 
alternating bed facies; this sequence is marked by a vertical alternation of 
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argillaceous with arenaceous units on a centimetre scale. The argillaceous units 
(dominantly siltstone) are often massive but rare traces of horizontal and cross 
lamination have been recorded. Bioturbation is common. The arenaceous units are 
chiefly very fine grained and graded. The base of these units are invariably sharp, 
often with tool marks and siltstone clasts. In contrast, many of the sandstone bases 
are sharp but smooth and free of relief . Cross-lamination and ripple marks are 
common. vi ) siltstone facies; thick bedded, medium-to coarse grained siltstones with 
rare laminations and common calcareous concretions. Evidence of bioturbation is 
widespread. 
Allen interpreted the coarse facies as being channel sediments, the product of 
lateral accretion processes, and the fine facies as deposits of the floodplain. 
Comparison of the classic meandering fluvialfacies with the Dagshai Formation 
Many of the 'classic' Dagshai Formation attributes described in section 7A. 1.2 can be 
related to the fluvial meandering model, although there are also some notable 
differences. The typical fining-up channel sequence displayed by many meandering 
fluvial regimes is best represented by Facies Association C of the Dagshai Formation. 
Although typical fining-up sequences are seen within this facies association, along 
with a channel-lag and erosive features at the base, and cross-beds and parallel 
laminations higher in the sequence, there a number of differences between this facies 
association and the typical meandering fluvial channel facies. For example, a 
significant proportion of Facies Association C lithologies do not show lenticular beds 
or typical fining up cycles, large-scale cross-beds are rare and parallel-laminations 
are extremely common. 
Overbank floodplain deposits are best represented by the Dagshai Formation 
Facies Association B. This facies association corresponds with the model and the 
case studies in that there is a high proportion of siltstone and mudstone and evidence 
of emergence. However, the tabular sheet sands are less easily assigned to the typical 
overbank deposits although they could be the product of large floods. Facies 
Association D of the Dagshai Formation represents the levee type deposits well, with 
its thin interbedding and small scale sedimentary structures. 
7B.2.2.2 The semi-arid ephemeral stream and sheefloodfacies 
Theoretical model for semi-arid ephemeral stream and sheet flood deposits 
Although streams, sheet floods and alluvial fans can all occur in environments other 
than that of the semi-arid, the following descriptions will be confined only to those 
152 
facies found in the semi-arid climate since the Dagshai Formation was deposited 
under those conditions as described above. The three environments described, 
although significantly different from one another, all result from related processes 
and therefore the facies often merge into one another. Separating the deposits is 
consequently difficult and overlap will occur. 
Ephemeral stream deposits and sheet flood deposits have been studied by 
Tunbridge (1984), Stear (1983), MialI (1977), McKee et al. (1976), Turner (1974, 
1980), Allen & Williams (1979), Wells (1983), Picard & High (1973) and Karcz 
(1972). A summary of their work is given below. 
Ephemeral stream: Ephemeral streams can be the result of two processes: 1) when a 
flood is never so large that the channel is too small to hold the detritus, then all 
material can be confined within channels, 2) when the existing channels are too 
small, a sheetflood results and at the last stages of the flood a channel cuts into the 
sheetflood deposit. Ephemeral stream deposits most commonly resemble 
modifications to the braided fluvial model (as described in section 8B.2) rather than 
the meandering fluvial facies as described in section 7B.2.2.1 above. However, 
proximal to distal changes can cause a downstream increase in channel sinuosity and 
so it is not that rare for ephemeral streams to become meandering in their lower 
reaches. Since there is every gradation from braided to meandering facies, ephemeral 
stream sediments are extremely variable. Channel morphology is often broad and 
laterally extensive or only shallowly incised. Sandstone beds can be found as single 
units isolated within mudstone or as multistorey sandstones indicating repeated flood 
events. Sediments are typically thought of as poorly sorted and sometimes 
imbricated but well sorted deposits are by no means uncommon. Taking the typical 
meandering fluvial fining-up sequence of the classical point bar deposit described 
above (Fig. 7o), the most characteristic, although by no means diagnostic, 
modifications of this model for an ephemeral stream are I) the incorporation into the 
intraformational conglomerate of curled mud flakes formed due to desiccation, and 2) 
the predominance of upper flow regime parallel lamination and relative scarcity of 
lower flow regime cross-lamination. These lamination modifications are due to the 
predominance of upper flow regime because the waning flow stages are often 
unrepresented as the water level of ephemeral streams drops extremely fast. This 
quick drop in water level can also result in the typical fining-up sequence being 
terminated early, so only the lower part of the succession is found. 
Sheetflood deposits: Sheetflood deposits in the semiarid environment are, to a large 
extent, similar to the deposits of ephemeral streams, the major difference being that 
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the deposits are unconfined and unchannelled. They occur when the channel system 
is insufficient to cope with the amount of detritus produced by a flood event. The 
geometry of the beds are sheet-like, with little or no thinning. Basal surfaces can be 
erosive but planar bases are common. Beds are usually medium to thick bedded, 
thinning distally, and consist of medium to fine sandstone in the medial to distal 
parts. Closer to the source the sediments are coarser grained, in the very distal 
sections the sediments are very fine grained. Mud rip up clasts are less common in 
this facies compared to ephemeral stream deposits but shallow, upper flow regime 
parallel laminated sands predominate. For the same reasons as described for the 
ephemeral stream deposits, lower flow regime sedimentary structures are less 
common. 
Case Study 
A good example of a flood where both stream and sheetflood facies are found is the 
flood which occurred at Bijou Creek, Colorado. Both types of sandstone are medium 
grained with fair sorting, and in both cases parallel laminated sandstone, indicative of 
high-stage deposition, accounts for 90-95% of the sedimentary structures present. 
The remaining 5% of structures allowed McKee et al. (1976) to distinguish between 
sheetflood and stream deposits. In the waning stages of flow, confined environments 
i.e. streams, cause large scale festoon cross-bedding and megaripples to form. In 
contrast to this, unconfined discharge responds to the waning stages of flow with the 
formation of climbing ripple lamination and convolute bedding. 
Comparison with the Dagshai Formation 
The Dagshai Formation lithologies closely resemble an ephemeral environment in 
that the sandstones of both Facies Associations B and C display a large amount of 
upper flow regime parallel laminations whilst large-scale cross-bedding is rare. 
However, the Dagshai Formation facies display a higher proportion of lower flow 
regime sedimentary structures e.g. cross-lamination than is usual compared to the 
theoretical modes and the case studies. This could be because the water level may 
not have dropped so quickly in the Dagshai Formation environment compared to the 
theoretical model and case studies. 
The Dagshai Formation of Facies Association B most closely resembles the 
typical ephemeral stream and sheetflood environment. Facies Association B is 
typified by single sandstone bodies isolated within mudstone, the sandstone beds 
being either planar or only shallowly incised, with parallel lamination common and 
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mud rip-up clasts sometimes being found at the base. Both stream and sheetflood 
facies are characterised by such a description. Distinction between ephemeral stream 
and sheetflood facies is somewhat arbitrary and a gradation usually exists. However, 
the relatively rare channel-lags in Dagshai Formation Facies Association B, along 
with the lack of festoon bedding and the scarcity of incised channels suggests that a 
sheetflood environment is more likely. Higher up the Dagshai Formation succession 
(towards a predominance of Facies Association C) where channelling, channel lags 
and cross-beds are more common, ephemeral stream facies may have been more 
established. 
7B.2.2.3 Alluvial Fan Facies 
Theoretical model of Alluvial Fan deposits 
Both sheetflood and ephemeral stream deposits can be, but are not necessarily, 
associated with alluvial fan environments. Two types of alluvial fan are found within 
the semi-arid environment; those where mass-flow processes play a major part, and 
those where stream processes play a major part. 
Neither the mass-flow dominated or the stream-dominated fans adequately 
explain the Dagshai Formation sediments. Since no debris flow deposits have been 
identified within the Dagshai sediments, an origin by deposition from mass-flow 
alluvial fans is discounted, whilst the lack of the characteristic stream-dominated fan 
deposits i.e. stacked channel sands of braided affinity, precludes deposition by that 
process. Therefore, this account will concentrate on a third variation of the alluvial 
fan, as detailed below. 
A special case of stream-dominated fans is that of the terminal fan (Collinson 
1989; Friend 1978) restricted to hot, semi-arid environments where the stream-flow 
is ephemeral. In this situation, water discharge is progressively reduced down-fan 
due to evaporation and infiltration into the bed. Terminal fans can be recognised, 
according to Friend (1978), by a lack of channel incision and by this downslope 
decrease in water discharge which manifests itself in the sediments as a decrease in 
thickness of sandstone bodies downfan, a decreasing grain-size, a decrease in the 
thickness of cross-stratification, an increase in the proportion of siltstone, an increase 
in small-scale cross-stratification and an increase in flat bedding. Sediments are 
generally a mixture of channel deposits dominated by cross-bedding and sheet flood 
deposits of wider extent dominated by parallel lamination and ripple cross-




There are several well documented cases of terminal alluvial fans. Four examples are 
described below to give an indication of the variety found within this model; the 
Bunter Sandstone Formation of Norway (Olsen 1987), the Trentishoe Formation of 
North Devon (Tunbridge 1984), the Ebro Basin, Northern Spain (Puigdefabregas 
1973; Friend et al. 1979) and the Markanda terminal fan in India (Parkash et al. 
1983). 
The Bunter Sandstone: Olsen (1987) classified the sediments of the Early Triassic 
Bunter Sandstone Formation into three facies; Facies A) stratified sandy channel 
deposits; Facies B) massive sandy and stratified silty channel deposits, Facies C) 
overbank sheetflow deposits. 
Facies A consists of fining up sequences, 20-450 cm thick, the ideal sequence 
being a scoured surface overlain in turn by large-scale cross-bedded sandstone, large-
scale trough cross-bedded sandstone, small-scale cross-bedded sandstone and finally 
mudstone and siltstone. Some of the sandstones are composite and multistorey. A 
variant of Facies A involves the occurrence and sometimes predominance of low-
angle cross-bedding. A sUb-facies of A) is the thin-bedded fining-upward sequences, 
dominated by fine sandstones with small-scale cross-bedding and interbedded with 
thick mudstones. 
Facies B has two variants, the most common of which is characterised by 
massive sandstones and a high intraformational mudclast content. These sequences, 
6-166 cm thick, fine upwards and pass up into small-scale cross-bedded sandstones, 
large-scale cross-bedded sandstones and low-angle crossbedded sandstones. The 
silty variant consists of low-angle laminated siltstones which are found in close 
association with the sandstones. The beds are 10-30 cm thick with erosional bases 
and rare desiccation cracks at the top. 
Facies C is dominated by small-scale cross-bedded and horizontally 
laminated very fine to fine grained sandstones. Occasionally, thin bedded, 
interbedded, very fine sands and mud are observed. There is a paucity of scour 
surfaces and fining up cycles in these sediments. 
Facies A rocks are interpreted as having been formed by channelled flow. 
Deposition was mainly by vertical accretion with some horizontal accretion. The 
thinner bedded sub-facies was the result of a more distal environment. Facies B is 
thought to be the result of swift channelled ephemeral flow and channel blocking. 
Facies C sediments are considered to be overbank deposits. Those displaying 
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parallel lamination are probably from a proximal overbank environment close to the 
channel, the cross-bedded sands are of medial position and the thin bedded 
interbedded sands and mudstones are distal deposits, far removed from the channel. 
The facies described above give rise to a model involving a combination of 
channel flow and overbank flow. The decreasing thickness of the fining-up 
sequences from proximal to distal positions in Facies A attests to the decrease of 
channel size and strength downstream, indicative of a terminal fan. This inferred 
ephemeral stream, terminal fan system is considered to be the link between the more 
permanently braided stream system to the north (the Skagerrak Formation) and the 
sabkha system to the south (the Middle Buntsandstein in northern Germany). 
The Trentishoe Formation: Tunbridge (1984) formulated a terminal fan model for the 
Devonian Trentishoe Formation of North Devon, U.K. These continental red beds, 
1000m thick, developed in response to tectonic uplift and rapid denudation of Lower 
Old Red Sandstone sediments at the termination of the Caledonian orogeny. Three 
types of sequence are found, representing proximal, medial and distal parts of the 
terminal fan. All three sequences are described, but the medial sequence is given 
prominence as it most resembles the Dagshai Formation. 
The proximal sequence represents the deposits of a network of low sinuosity 
sand bed streams. The sequences are sandstone dominated, consisting of cross-
cutting multi-storey channel sandstones and subordinate very fine sand and 
mudstone. These deposits have been interpreted as an ephemeral, low-sinuosity, 
channel complex, with each storey as a single flood event. As flow waned, the 
channelled flow degenerated into flood sheets. 
The medial sequence comprises an overall upward coarsening cyclothem 
within which the individual facies are fining upwards. The sequence starts with 
proximal and distal thinly-bedded sandstone and siltstone flood sheets cut by 
complexes of silt-draped distal channel-fill sandstones and single channel-fill 
sandstones. The flood sheets coarsen and thicken upwards to the more proximal and 
multistorey sheet sands. The facies shows a downslope increase in mud composition 
as well as a vertical decrease. The sand : mud ratio in the lower part of the sections 
is about 2:3, increasing to more than 10:1 in the upper parts. Sandstone beds also 
increase upwards, from about 10 cm in the lower parts to over 100 cm higher up. 
This pattern of sedimentation can be well explained by a prograding terminal fan 
within an ephemeral environment model. At peak flow periods, discharge spread 
from channels into sheets of flood water which covered extensive areas. Downslope 
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(i.e. distally) water depth and flow strength declined, producing thinner bedded and 
finer sediments. At low and waning stage, the sheetfloods became channelled and 
may have incised the flood sheet, either as meandering streams or broader shallower 
washes and distributaries. Individual fining upward facies reflect individual flood 
and channel fill events, whilst the overall coarsening up trend to multistorey 
sandstones is more likely to be a longer term variation over the floodplain. 
The dominant facies is that of the flood sheets. The proximal sandy flood 
sheets are fine to medium grained, thick bedded (0.4-2.5 m thick), with an erosional, 
usually planar, base. Intraformational conglomerates are rare but parallel laminations 
and soft sediment convolutions are common. Some beds are massive. The parallel 
laminated uhits are sometimes capped by cross-laminated very fine sandstone or 
siltstone. In contrast, the more distal flood sheets are thinner bedded sandstones and 
mudstones which contain cross-laminations as well as parallel laminations. 
Cutting through these sheetfloods are channels of various forms. The single 
channel fill distributary channel sandstones are 0.5 -1.5 m thick, with an erosional 
base that lacks strong basal scours. Intraformational conglomerate is common at the 
base, overlain by parallel laminated fine grained sandstone. The sandstone is then 
capped by siltstone. There is no evidence of lateral accretion, and Tunbridge 
interpreted this facies as having been deposited by vertical infilling of individual 
broad shallow washes. Laterally accreted sandstones are found rarely and this facies 
is interpreted as the product of meandering streams. The sandstones are up to 2m 
thick with intraformational conglomerate at the base. They fine upwards, and display 
epsilon cross-bedding. The abundance of parallel laminations is a departure from the 
traditional meandering fining up cycle as described in section 713.2.2.1, but this 
variation is explained by the ephemeral environment. The last type of channel to cut 
the flood sheets are cross-cutting sands which are similar to the multistorey sands 
described in the proximal sequence except that they are much thinner (less than I m 
thick). They have intraformational conglomerates at the base, they are filled with 
parallel laminated sand and they are commonly draped by silt. The cross-cutting 
nature of the sands indicates the contemporaneous activity of several small streams. 
The dominance of parallel laminations suggests high-stage accretion by vertical fill 
whilst the silt drapes were produced as the flood waters subsided. 
The distal facies consists of thin bedded very fine sandstone and mudstone, 
interpreted as having been deposited in a playa lake environment, this facies will be 
discussed in more detail in section 7B.2.3.1. 
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The major differences between the Trentishoe Formation and the Bunter 
Sandstone described previously are that parallel lamination is much less common in 
the Trentishoe Formation, channel flow deposits are more important than overbank 
deposits, and evaporitic minerals are found in the overbank deposits suggesting a 
genetic link with a playa lake / sabkha environment 
The Markanda Terminal Fan: The Markanda terminal fan in India, studied by 
Parkash et al. (1983), differs from the previous two examples in that the streams are 
better defined and bear more similarities to the classic meandering fluvial facies (see 
section 7B.2.2.1), although the interpretation is not that of a meandering river. The 
fan displays the usual evidence of a decrease in strength of flow downfan and a 
change from stream to sheetfiow. In addition to the larger distributaries becoming 
narrower nearer the base of the fan, Parkash et al also envisage a change in the stream 
to a meandering course after the stream leaves the fan surface. The channels show 
the typical modifications of an ephemeral environment to the classic meandering 
fining up sequence (see section 7B.2.2.2), but there is a complete lack of epsilon 
cross-bedding which led the authors to the conclusion that these sandstones are the 
result of vertical rather than lateral accretion, during high flow regimes. The 
overbanks consist of levee and floodplain facies, again similar to the overbanks 
described for the classic meandering sequence, and different from the previous 
terminal fan models in that there is more evidence of subaerial exposure in the form 
of rootlet horizons as well as mudcracks. These deposits were apparently deposited 
in the interdistributary areas during the falling stages of flood. The deposits are 
similar to the Dagshai Formation Facies Associations C and D. 
The Ebro Basin sandstones: The final example, the Oligo-Miocene sandstones of the 
Ebro Basin, Northern Spain were studied by Puigdefabregas (1973) and Friend et al. 
(1979). These deposits are unusual in that the meandering fluvial facies is much 
more common than in the previous examples. Three sandstone morphologies are 
recognised; A) sandstone bodies of ribbon form, which vary from straight to highly 
sinuous. These channels can be single or multi-storey and they are the product of 
vertical accretion, each storey or channel being the result of a single flood episode. B) 
sandstone bodies that show evidence of lateral migration, the sandstones usually 
being of ribbon type. Epsilon cross-bedding and fining-up sequences of typical 
meandering point-bar deposits are common. C) sandstones of sheet geometry. These 
sands were deposited in an overbank environment, the result of lateral migration of 
small, highly sinuous and probably ephemeral streams. 
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Comparison of the Dagshai Formation with the terminal alluvial fan facies 
Friend's (1978) first typical diagnostic feature of a terminal fan, i.e. a lack of channel 
incision, is found within the Dagshai Formation, especially Facies Association B. 
The other typical diagnostic feature (namely evidence for a downslope decrease in 
discharge as described above) is not readily identified in the Dagshai Formation since 
proximal to distal sections within one time plane have not been detected. However, 
within one vertical section, representing the change in the character of sedimentation 
of one area through time, an up-section increase in discharge can be interpreted from 
the sediments using Friend's (1978) criteria of an increase in the thickness of 
sandstone bodies, an increasing grain size and a decreasing proportion of siltstone. 
Assuming that the possible alluvial fan was prograding, as might be expected in this 
environment, these changes within the section do indeed correspond to a downslope 
decrease in discharge. However, these changes up-section could also be explained by 
the encroachment and rise of the embryonic orogenic belt which, as erosion 
increased, would have contributed an increasing amount of detritus into the rivers. 
As the rivers developed in response to this increase in detritus, they would have 
become bigger and the grain-size would also have increased. Sedimentological 
characteristics similar to those described by Friend (1978) would have resulted 
without the presence of a terminal fan. 
The Dagshai Formation closely resembles the case study lithologies in many 
ways. Facies A and B of the Bunter Sandstone are very similar to Dagshai Formation 
Facies Association B except that fewer sedimentary structures are found in the 
Dagshai sediments. Facies C of the Bunter sandstone compares well with Dagshai 
Formation Facies Association D. Comparison with the Trentishoe Formation 
suggests that the medial sequence is most like the lower part to mid part of the 
overall Dagshai Formation succession, where the mud dominated Dagshai Formation 
Facies Association B becomes transitional to sand dominated Dagshai Formation 
Facies Association C. The main difference between the Trentishoe Formation and 
the Dagshai Formation is that parallel laminations are much less common in the 
Trentishoe Formation, suggesting that upper flow regime was less important than in 
the Dagshai depositional environment. The meandering-style channel deposits of the 
Markanda Fan are similar to Facies Association C of the Dagshai Formation, whilst 
the levee and floodplain deposits resemble Dagshai Formation Facies Association D. 
Finally, comparison with the Ebro Sandstone shows that Facies A and B of the Ebro 
Sandstone correlate well with the Dagshai Formation sandstones of Facies 
Association C, whilst the Ebro Sandstone Facies C is similar to that described for 
Facies Association B of the Dagshai Formation. 
7B.2.2.4 The Dagshai Formation interpreted in terms of the meandering fluvial and 
ephemeral stream, sheeflood and terminalfan models described above. 
We have already established that the Dagshai Formation was deposited under semi-
arid conditions, and it seems likely, in view of this climate and the sedimentary 
structures present, that the facies was, at least in part, ephemeral. 
The Dagshai Formation does not fit the meandering fluvial facies model 
exactly, in that tabular sand beds are common and channelling is rare (especially in 
Facies Association B), epsilon cross-bedding is not seen and parallel lamination is 
frequently observed. However, as noted above, epsilon cross-bedding is often rare or 
non-existent, even in typical meandering fluvial deposits, and the Dagshai Formation 
does exhibit well developed classic meandering fluvial fining-up sequences which 
are often present in Facies Association C. 
I interpret the Dagshai Formation as having components of both a meandering 
fluvial system and a terminal alluvial fan, similar to the situation found in the Ebro 
basin and, to a lesser extent, the other examples outlined above. Sheet flooding is 
more dominant at the start of Dagshai Formation time, typified by the dominance of 
Facies Association B consisting of large amounts of tabular sheet sands and overbank 
muds. Caliche and rOotlet horizons testify to the long periods of emergence. Higher 
up the sequence, later in Dagshai Formation time, the channels become more 
established and begin to resemble meandering fluvial deposits (Facies Association 
Q. Sheet flooding is now subordinate. This change to a more channelled flow could 
be the result of a natural evolution through time whereby channels gradually develop 
and take over from a sheet flood environment, possibly in response to a less 
ephemeral regime. Considering that the overlying Kasauli Formation is interpreted 
as having been deposited in a humid environment (section 8B.2), a slow change from 
semi-arid ephemeral to humid regimes would be taking place throughout this time 
period. A more channelled facies higher up in the Dagshai Formation could also be 
the result of terminal fan progradation. As shown in the examples from the 
Trentishoe Formation and the Markanda terminal fan, channel forms are more 
common in the proximal areas of the fan whilst sheet sands dominate in the distal 
areas. In these two examples, the authors noted that the fining-up sequences are 
similar to meandering fluvial facies, but due to the absence of epsilon cross-bedding 
in the rocks, they considered that these sediments are the result of vertical accretion. 
Although in the case of the Dagshai Formation, epsilon cross-beds are not seen, I 
would be wary of discounting a meandering origin for the rocks since, as noted in 
section 7B.2.2. 1, epsilon cross-beds are rare even in conventional meandering fluvial 
facies. The variation in palaeocurrent direction (Fig. 7j) is an indication of a highly 
sinuous regime, which suggests that the channels are indeed the product of lateral 
rather than vertical accretion, but, as noted by Parkash et al. from his study of the 
Kuldana Formation, Pakistan, water flowing over a flat plain will be unconstrained 
and form channels in a number of different orientations. However, in his example 
from the Kuldana Formation, the channels are very minor, forming less then 5% of 
the section, the rest of the rocks being overbank floodplain shale. This is 
considerably different from Facies Association C of the Dagshai Formation where 
channel sandstones form a considerable part of the overall section. On balance, the 
evidence appears to point more towards a meandering regime for the sandstones of 
Facies 2, but a vertically accreted channel interpretation cannot be ruled out. 
Overall, the Dagshai Formation can be best equated with the medial sequence 
of the Trentishoe Formation, implying that these rocks were deposited in the medial 
area of a terminal alluvial fan. 
The Dagshai Formation sediments, as a whole, show remarkable similarities 
with those described by Turner (1980) for parts of the Old Red Sandstone. The Old 
Red Sandstone of Devonian age is the continental molasse facies of the Caledonian 
orogeny. The sediments, found, for example, around the present day North Atlantic 
margin, were deposited in a climate that was hot and semi-arid in the south, but more 
moist and tropical in the north. 
Two facies have been identified for the Old Red Sandstone; an external and 
internal facies. The internal facies are pebbly braided fluvial, alluvial fan and 
lacustrine sediments deposited in intermontane basins. The external facies are 
coastal alluvial sediments which more closely resemble a meandering fluvial 
environment. 
It is the external facies which are similar to the Dagshai Formation deposits. 
Turner (1980) described the external facies as having classic 'meandering' style 
fining-up sequences with thin bedded crevasse-splay sandstones and bioturbated and 
pedogenic fine-grained overbank muds. Turner interpreted the sediments as having 
been deposited in a variety of alluvial channel types and settings. He noted that 
previous workers have interpreted the relatively rare, sometimes multi-storied, 
concave-based, lenticular coarse members which only have small amounts of 
overbank deposites preserved, as vertically accreted deposits from low sinuosity 
streams. The many sequences showing typical fining-up sequences and high 
proportions of overbank fine-grained material are traditionally interpreted as the 
result of deposition from meandering systems and this is taken to be the dominant 
facies for the external Old Red Sandstone. Turner modified this facies to some 
extent. He noted the rarity of epsilon cross-bedding and steep channel margins, both 
typical of meandering sequences. He also described some cycles which show 
relatively thin coarse members which are laterally extensive, flat-based, abundantly 
parallel laminated and with basal conglomerate that is exclusively intraformational 
and lacking in quartzose sand matrix. He surmised that at least part of the Old Red 
Sandstone was laid down as aerially extensive, single event floods in an ephemeral 
environment in the distal regions of large alluvial fans. It is to this type of facies that 
I assign the 'classic Dagshai Formation lithologies. 
7B.2.3 The highest structural level Dagshai Formation 
7B.2.3. 1 Inland, fluvio-lacustrine playa lake facies 
Theoretical model for inland, fluvio-lacustrine playa lake complexes 
Playa lake complexes have so many variations which depend on a number of factors 
(e.g. climate, ground water composition and supply, proximity to clastic sources etc.) 
that an idealised vertical section model is not possible. The following general model 
has been taken from the work of Allen & Collinson (1989), Kendall (1979) and 
Warren (1989). 
A playa lake is a closed lake i.e. there is no water outlet. In a semi-arid 
environment there will be a net negative water budget, and when evaporation exceeds 
water inflow (from groundwater or surface storm waters), the water becomes more 
concentrated and precipitation of evaporite mineral results. The lakes will occur in 
the lowest areas of enclosed and drainage basins which are usually horizontal and 
vegetation-free surfaces of fine-grained sediments. A typical lateral sequence will 
consist of alluvial fans and ephemeral stream floodplains close to the highlands, 
passing laterally into sand flats, then dry mud flats, then saline mud flats and finally, 
in the lowest part of the depression, the salt pan. These facies will therefore form a 
bullseye pattern. Related to these facies, and similarly arranged in a bullseye pattern, 
the combination of the three major sedimentary influences on the basin can be seen, 
namely I) terrigenous clastics 2) carbonate-sulphate minerals e.g. anhydrite and 
gypsum 3) soluble salts e.g. halite and sylvite. The majority of the clastics will be at 
the edge, often with carbonate and dolomite present, working into the centre through 
163 
anhydrite and gypsum to halite and sylvite. The marginal facies, characterised by 
periodic inundation and emergence, can contain stromatolitic limestone and oolites, 
siliciclastic sandstones, laminated marlstones with desiccation cracks and gypsiferous 
marlstones containing interstitial saline minerals and brecciated carbonates. The 
centre of the lake will be dominated by saline mineral facies, organic rich mans (oil 
shales), and carbonate - gypsum laminates. Observing the Dagshai Formation 
highest structural level lithologies, it can be seen that the rocks are more similar to 
the terrigenous marginal facies then to the evaporitic central lake facies. Therefore 
the following descriptions will be directed toward these marginal facies. 
The typical lateral sequence (alluvial fan and ephemeral stream facies, 
through sand flat, dry mud flat and saline mud flat to saline salt pan) correlates with a 
bulls-eye distribution of grain size, with the coarser grained clastic material being 
found at the edge of the basin, the finer-grained material closer towards the centre. 
A description of the depositional environments is given below: 
Distal alluvial fan: Distal alluvial fans have already been described in section 
7B.2.2.3. 
Sandflats The dominant depositional mechanism here is unconfined upper flow 
regime sheetfloods which occur during storms. The deposits are horizontal and wavy 
laminated sands. Later expansion of the lake over the flats reworks the sediment into 
shoreline sands with rippled tops. Regression of the lake may lead to reworking of 
these sediments by aeolian processes and/or evaporative pumping, leading to gypsum 
or high Mg-calcite being deposited. At the edge of some playas, inflow waters 
deposit coarse-grained meander belt or braided stream sediments. These channels 
soon lose their identity as they enter the playa proper, and become unchannelled sheet 
floods. 
Dry mudflats Dry mud flats are characterised by the preservation of sedimentary 
structures formed under alternating upper and lower flow regimes. During floods, 
gravel, fine sand and silt may be washed in and may be found as flat or lenticular 
sandy or silty laminae capped by mud-drapes. Graded beds also occur. A return to 
mud deposition occurs after the storm and these thin-bedded sand-mud paired beds 
are often referred to as storm couplets. Later lake expansion may give rise to rippled 
tops. Regression leads to the formation of desiccation structures e.g. mud cracks, 
erosion surfaces, intraclast breccia and solution collapse breccia. 
164 
Saline mud flats The saline mud flats differ from the dry mud flats in that the 
sedimentary structures have been destroyed by dolomite and evaporite mineral 
growth. 
Salt pan: In the salt pan itself are beds of evaporite minerals in a bulls-eye pattern 
from carbonate to gypsum, then halite and finally K and Mg chlorides and sulphates. 
One further characteristic of the playa facies is the amount of breccia and soft 
sedimentary deformation present. These features are often the result of evaporite 
growth, dissolution and upward movement, ground water discharge, desiccation 
leading to the formation of mud cracks, or, in interlaminated sandstones and 
mudstones, a build up of pore water pressure that can not be released by percolation 
due to the surrounding impermeable mud layer. Eventually the mud layer will be 
breached causing disruption of the laminae. 
Case Studies 
Two case studies, the first an example of a modern playa lake, the second a 
sedimentary sequence interpreted as a playa lake, are given below. 
Bristol Dry Lake: A good example of a modern day playa lake is the Bristol Dry 
Lake, California (Handford 1982). It is a155 km 2 closed lake in an intermontane 
valley in the Basin and Range Province of south-eastern California. The lake is 
always either sub aerial or covered in part by ephemeral bodies of water and 
dominated by evaporative conditions, with intermittent floods. Alluvial fans flank 
the mountains and grade downslope into the flat playa basin in the lowest part of the 
valley. Sediments consist of interbedded terrigenous clastics, gypsum, anhydrite and 
halite. Transects through the Bristol Dry Lake from the alluvial fan to the centre of 
the playa reveal: 1) crudely-bedded, alluvial fan clastics interfingering with 2) playa 
margin sand flat and wadi sand and silt, followed by 3) gypsum, anhydrite, chaotic 
mud halite, and clay of the saline mud flat, and 4) salt-pan halite beds. Looking at 
each of these facies in more detail: 
The alluvial fans consist of very coarse detritus transported down slope by 
channelled flow in the upper reaches and dominantly by sheet flow on the lower fan. 
Beyond the fan toe is the playa margin in which two distinctive environments 
are recognised; sand flats and wadis. The sand flats are featureless and mark the area 
where braided channels lose their identity and sheetfiow is the dominant process. 
The wadis consist of channels less then 15 cm deep and up to 6 m wide, infilled by 
both fluvial and aeolian-reworked sediment. Distributary channels are a sub-facies 
found in some areas of the playa periphery. The channels are variable, ranging from 
those that are only a few hundred metres long and are confined to the periphery, to 
complex braided or meandering units which extend far out into the playa. The 
channels are often only a few cms deep and are filled with silty sediment. These 
channels are thought to be the product of channelled sheet flow. 
The saline mud flat consists mainly of red mud, often with desiccation cracks, 
covered with a thin efflorescence of salt. Gypsum and anhydrite are also present, the 
gypsum occurring interbedded with the mud. Distorted layers are common. 
Halite is dominant in the 50 km 2 area in the playa centre, termed the salt pan. 
Halite is found as chaotic mud halite ( mixtures of interlocking halite crystals 
separated by pockets of green clay) and as cubes of halite, found in red and green 
muds that separate the halite beds. 
The Trentishoe Formation: the work of Tunbridge (1984) on the Devonian 
Trentishoe Formation in Devon concentrates on the terrigenous components of the 
playa lake as well as providing documentation of an ancient system. The sediment 
consists of two sub facies; 1) laminated and thinly bedded mudstone and very fine 
sandstone and 2) rippled very fine sandstone. Both lithologies have been subject to 
desiccation and there are numerous varieties of sediment deformation and 
remobilisation structures. 
The first sub facies consists of alternations of flat laminated (mm scale) and 
thinly bedded (cm scale) very fine green or red sandstone and red mudstone. These 
have sharp tops and bases and sometimes upward fining can be seen. Rarely, scoured 
bases are evident. In addition, gutter casts' 2-3 cm deep cut into the mudstone facies. 
The gutters are filled with laminated very fine sandstone and mudstone, and could be 
due to erosion and channelling. The second sub facies, the rippled very fine 
sandstone, is made up of beds 2-6 cm thick, capped by mud drapes. Ripple marks 
and cross-lamination are present. 
Three types of syn- and post-sedimentary modifications are present; I) 
desiccation features 2) water escape and soft sedimentary deformation and 3) 
bioturbation. Desiccation features are predominantly in the form of mud cracks and 
curled mud flakes, originally formed by desiccation and now often incorporated into 
an intraformational conglomerate. The soft sedimentary deformation has resulted in 
structures including diapirs, pipes and convolutions. These deformed layers formed 
due to the mud behaving in a ductile manner in response to upward forces. As 
deformation became more intense, the relatively cohesive muds yielded, allowing 
sand and water to burst through. Bioturbation, the third modification, is not a major 
feature of the facies but makes a subtle contribution in the form of various burrows. 
Interpretation of the Dagshai Formation highest structural level, in terms of the 
playa lake model. 
The Dagshai Formation of the highest structural level bears many similarities to the 
model described above. The beds are, almost without exception, thinly bedded and 
laminated. Also, ripple laminations are common, soft sedimentary deformation and 
evidence of desiccation is often present, and the presence of calcite and dolomite, 
plus the evaporite minerals halite, gypsum and sylvite can be detected, although the 
evaporite minerals are probably not in situ. The best interpretation for these 
lithologies is that they are from the margin of a playa lake, spanning, on the lateral 
sequence described above, the distal alluvial fan and flood plain, the sand flat, the dry 
mud flat and the saline flat. The actual salt pan is not represented in the rocks which 
were observed. 
I interpret the microconglomerate and sandstone of Facies Association E as 
distal alluvial fan and fluvial deposits found furthest away from the lake margin. The 
coarseness of the sediment would also suggest that these are the most marginal 
sediments, found closest to the uplands. Moving into finer grained facies closer to 
the lake, the interbedded sandstone and mudstone and the interbedded micrites and 
calc-arenites (Facies Association F) are from a similar environment which I consider 
to be the sand flat. During storm periods the sand was brought in, but after the storm 
or wet period abated, mud was deposited. The flat-bedded rocks of Facies 
Association F (Facies 15 and 16) were probably deposited by sheet-flood mechanism, 
but the interbedded sandstone and mudstone (Facies 13 and 14) of the same Facies 
Association show more evidence of channelling. Possibly these beds were laid 
down, at least in part, by small rivulets after the sheetfloods had subsided. The 
difference in degree of soft sedimentary deformation between the two lithologies is 
marked, the interbedded units from Facies 13 and 14 having been subjected to high 
degrees of deformation whilst the interbedded unit of Facies 15 and 16 are 
undeformed. The reasons for this discrepancy is unclear, and reflects the multitude 
of different factors which could have initially given rise to the deformation. Possibly 
the presence of coarser grained beds in Facies 15 and 16, the higher proportion of 
sand and siltstone compared to mudstone, plus the presence of carbonate which could 
have subsequently partly dissolved, made these rocks more permeable and therefore 
water would have a greater chance of escaping by percolation. As described above, if 
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escape by percolation is not possible, pore water pressure will build up and 
deformation results. Also, the highly fractured nature of the rocks of Facies 15 and 
16 suggests that this lithology was under stress as well, but, possibly due to the lesser 
proportions of ductile mudstone, it responded in a more brittle manner. 
Continuing the lateral sequence towards the centre of the lake, the next facies 
is Facies Association H, the dissolution-brecciated gypsiferous marl, with 
interbedded siltstone and sandstone. I consider that this facies association lies closer 
to the basin centre because, in the typical bulls eye pattern, the appearance of gypsum 
signals closer proximity to the salt pan. The environment is otherwise similar to that 
described for Facies 15 and 16 except that the climate at the time when Facies 
Association H was deposited was more conducive to the development of evaporite 
minerals. This would imply that the lake was in a regressive phase. The collapse 
breccia would have resulted from the later dissolution of the gypsum. 
Facies Association G, the pink marl, is the sediment from this Dagshai 
Formation sequence that lies closest to the lake. I interpret the sediments of Facies 
Association G as being closer to the lake than Facies Association H because the 
proportion of siltstone and sandstone is substantially less. However, it is possible 
that at the time Facies Association G was laid down, the climate was drier and so 
there were less floods to transport detritus to the more distal areas. The presence of 
sylvite suggests evaporation to near total dryness and so a regressive phase of the 
lake is perceived. 
Facies I, the melange is so severely disturbed by the tectonics of the overlying 
thrust sheet that to interpret a depositional environment would be futile. 
Overall, Facies Associations E and F represent wetter periods when the lake 
was expanding and evaporation leading to evaporite mineral precipitation was at a 
minimum. Conversely, Facies G and H are evaporite rich and correspond to times 
when the lake contracted as evaporation was intense. This would have occurred 
during drier periods. Unclear stratigraphic contacts and relative positions of the 
facies, plus the implied frequent oscillations of the shoreline, related to the net water 
budget, preclude detailed vertical sections and interpretations being drawn up. 
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PART C: SUMMARY AND CONCLUSIONS 
In this chapter we have seen that there are many facies associations These 
can be divided into three main groups: 1) the basal transitional facies consisting of 
variegated shales, green sandstones and white quartzite (Facies Association A). 2) the 
classic Dagshai Formation lithologies are represented by Facies Associations B-D. 
These show a succession with red mudstones and red sheet sands at the base of the 
sequence, and better developed fining-up cycles and lenticular beds higher up. 
Caliche and rootlet horizons are common. 3) the highest structural level Dagshai 
Formation lithologies which are dominated by thin bedded calcareous, fine grained 
terrigenous clastics and mudstone, plus evaporites are represented by Facies 
Associations E-I. 
Two environments of deposition are found, both in a semi-arid, continental 
climate. Facies Associations A-D relate to a distal terminal alluvial fan and 
meandering fluvial environment, with the highlands to the north and a general 
• sediment transport direction towards the south. Facies Associations E-I were 
deposited in a playa lake. Although in many environments such as this, the distal 
alluvial fans and streams grade down slope into a region of playa lakes which lie 
further from the uplands, there is no evidence of this during Dagshai Formation 
times. The Highest structural level restores furthest north, and therefore the playa 
lake sediments of this level were deposited closer to the upland area than the 'classic' 
Dagshai Formation distal alluvial fan sediments. These playa lake sediments formed 
in embayments and hollows between the mountains or local highs, as intermontane 
lakes surrounded by alluvial fans. It is possible that the more southerly 'classic' 
Dagshai Formation distal alluvial rocks described in Facies Associations B-D did 
drain into playa lakes, but there is no record preserved of these lakes. 
Fig. 7p illustrates my interpretation of the environments involved during 
Dagshai Formation sediments deposition. 
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Fig. 7p: Summary diagram showing the Dagshai Formation environment 
of deposition (no scale implied) 
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Chapter 8 
The Kasauli Formation 
Lithologies & Facies 
CHAPTER 8 
THE KASAULI FORMATION: LITHOLOGIES AND FACIES 
In this chapter, the lithologies and facies associations of the Early Miocene Kasauli 
Formation will be described with local examples (part A), the facies will be 
discussed and interpreted (part B). Finally the Kasauli Formation and Siwalik 
Group will be compared (part C), in order to try and discover if the Kasauli 
Formation is part of the Siwalik Group as suggested by J. Cater (pers. comm. 1992) 
and R. Yeats (pers. comm. 1993). For a review of Kasauli Formation age data and 
stratigraphic context, see sections 4.1.4 and 3.4 respectively. 
PART A: LITHOLOGICAL DESCRIPTION & FACIES ASSOCIATION OF 
THE KASAULI FORMATION 
8A.1 Description of the Kasauli Formation facies and facies associations 
Lithological description offacies 
The Kasauli Formation consists of three main facies: grey sandstones, siltstones and 
mudstones. The sandstones are often multistorey (i.e. multiple sandstone beds with 
no interlayered mudstone or siltstone) and planar-bedded, but mildly lenticular beds 
were also locally observed. The proportion of sandstone to siltstone and mudstone is 
significantly higher than in the Dagshai Formation, ranging from 69-92% sandstone. 
Facies 1: The sandstones, which are often multistorey and most commonly 
planar-bedded, range from thin to thick bedded, and fine to coarse grained. They are 
almost invariably greenish-grey, but rarely a reddish tinge is observed. The beds can 
be lenticular and channelled or tabular. Bases can be planar or erosive, erosive bases 
being indicated by sole marks including flute marks, groove marks, gutter casts and 
current scours. Some beds show evidence of primary current lineation. At the top of 
some beds traces fossils are found. These have the appearance of horizontal 
unbranched tubes, resembling Planolites feeding burrows. The tops of some beds 
have a tflaggy' appearance, with ubiquitous aligned micas. 
Internally, the beds vary from massive to those where sedimentary structures 
are relatively clear, although in general, many of the structures are indistinct. 
Channel lags, with clasts up to approximately 1 cm in diameter, can be seen at the 
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base of some of the beds. Clasts are usually intraformational, consisting dominantly 
of grey/green siltstone and mudstone. Less common are sandstone clasts 
(occasionally red coloured), wood fragments (vitrinite and inertinite) and degraded 
cuticle material. Above the base of the bed, sedimentary structures, where present, 
consist of trough and planar cross-beds, cross-laminations, ripple marks and climbing 
ripples, and wavy and parallel horizontal laminations. Some beds are graded. 
Palaeocurrent measurements were taken from all suitable sedimentary structures (Fig. 
8a). From this it can be seen that the dominant direction of flow was towards the 
south-east. By comparison of Fig. 8a with Fig. 7j, it is noticeable that the variability 
of palaeocurrent direction in the Kasauli Formation is significantly less than in the 
Dagshai Formation. 
Evidence of plant life is plentiful in the Kasauli Formation sandstones. 
Although rootlet beds are rare, woody fragments, less than 1cm long are sometimes 
found with the channel lag clasts. More substantial amounts of wood in the form of 
logs, the largest of which is 0.75m wide and 9m long, are distributed through out 
many of the Kasauli Formation sandstones. 
The grains making up the sandstones are generally moderately to poorly 
sorted and sub-rounded to angular. They are compositionally similar to the 'classic' 
Dagshai Formation sandstones (see section 7A. 1.2) but with the addition of garnet 
and a higher proportion of lithic, especially metamorphic lithic, fragments which are 
schistose and characterised by aligned muscovites. Plate 8a shows a typical Kasauli 
Formation sandstone in thin section. Fig. 8b shows Kasauli Formation sandstones 
plotted on a standard quartz-feldspar-lithics triangular diagram. 
The siltstones and mudstones of the Kasauli Formation are subordinate to the 
sandstones. 
Facies 2: The siltstones are grey or grey-green and thin- to medium-bedded. They 
are usually planar bedded, but some strata are lenticular. Internally, the beds are 
often massive, but parallel laminations, ripple laminations and cross-laminations 
have all been observed. Evidence of plant material includes rare rootlet beds and 
more common leaf prints. 
Facies 3: The mudstones are also grey and grey-green, and rarely red. They are thin 
to thick bedded and occasionally parallel laminated. X-Ray Diffraction analysis 
shows that the fine-grained sediments contain quartz, muscovite, chlorite and illite, 
and rare kaolinite, lepidolite and calcite. 
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Plate 8a: Photomicrograph of a typical Kasauli Formation sandstone viewed between 
crossed polars at a magnification of x25. Note the abundance of lithic fragments and 
the tourmaline grain (top left). 
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Plate 8b: Part of a typical Kasauli Formation succession at Kasauli. Beds dip 
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Fig. 8a: Palaeocurrent measurements for the Kasauli Formation 
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Fig. 8b: Quartz-feldspar-lithics triangular diagram 




Two Kasauli Formation logs are shown in Figs. 8c and 8d. Fig. 8c is taken from the 
Dagshai-Nahan Highway, which can be located on the map shown in Fig. I b and Fig. 
8d is taken from a section at Kasauli village, which can also be located on Fig. lb. 
The Kasauli Formation sediments in the Dagshai-Nahan Road differ from those at 
Kasauli village in that wood fragments and channel lags are common and red 
coloured sediments also occur, whilst the cross-laminations which are so common in 
the Kasauli village sediments, are less common on the Dagshai-Nahan Highway. 
Kasauli Formation Facies Associations 
The various facies descriptions given above, can be grouped together into two main 
facies associations. 
Facies Association A 
This facies association consists of only one main facies type, with minor variations 
within it. 
Fades 1: The rocks are grey sandstones, thin to thick bedded and often multi-storey. 
The beds can be planar or, less commonly, mildly lenticular, and erosive bases and 
channel lag are found locally. Internal sedimentary structures, where present, can 
consist of cross-bedding, ripple marks, wavy and horizontal laminations. 
Facies Association B 
This consists of two facies 
Facies 2: grey to green-grey, thin to medium-bedded siltstone. The beds are usually 
planar but sometimes lenticular. Parallel-, ripple- and cross-laminations can be found 
in some beds. 
Facies 3: grey to green-grey, thin to thick-bedded mudstone which occasionally 
displays parallel laminations. 
PART B: FACIES INTERPRETATION 
813.I Previous work 
Interpretations of the depositional environment of the Kasauli Formation are 
many and varied, ranging from marine to fresh-water. Beginning with the marine 
environments, Raiverman & Seshavataram (1965) considered that the Kasauli 
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Fig. 8d: Log showing Kasauli Formation lithologies at Kasauli village 
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Formation was deposited by turbidity currents. The authors did not differentiate 
between the Dagshai Formation (see chapter 7) and the Kasauli Formation, 
considering them both to be part of the Lower Dharamsala Group. Therefore, their 
evidence for deposition of the Kasauli Formation by turbidity currents (i.e. C-M 
patterns and sedimentary structures) is identical to that already described for 
deposition of the Dagshai Formation by turbidity currents (see section 7B. 1). 
Other workers envisaged a partially marine environment. Singh & Khanna 
(1980), studied the palynology of the Kasauli Formation sediments and concluded 
that the pollen assemblage found, i.e. the absence of inaperturopollenites complex 
and the presence of Poiypodiaceaesporites colporate, monoporate and bissacate 
pollen-complex, indicated a fluvio-deltaic environment. Srivastava & Casshyap 
(1983) developed this view with the concept of two different sub-environments 
existing side by side, these sub-environments being coastal barrier and fluvio-deltaic. 
This interpretation is based on their find of two types of sandstone; the first consists 
of mature sandstones, close to quartz arenite, with parting lineation and horizontal 
bedding. This they considered to have been deposited on the margin of a coastal 
plain facing shoreline. The second type of sandstone is a muddy sandstone, often 
sublitharenite or litharenite, with large scale cross-bedding decreasing vertically or 
ripple lamination. These sandstones are associated with fine clastics and plant 
material and are thought to be fluviatile and possibly deltaic. The authors concluded 
that the most likely environment was that of a delta complex which was not highly 
constructive and is subject to destructive marine processes. They concluded that this 
type of setting may have yielded the combination of lithofacies described above. 
However, in contrast, Chaudhri (1975) and my own work, show that in the areas 
studied, quartz arenite is extremely rare to almost absent. 
In contrast to the marine influence interpretations, various authors envisaged 
a fresh-water setting for the Kasauli Formation. Chaudhri (1971) interpreted the 
sediments as having formed in a shallow water, fast-sinking, subsiding basin. He 
based his interpretation on the dominance of one lithology, the occurrence of pay 
streaks, current-bedded rocks with slumps within them, ripple marks, swash marks, 
logs of fossil wood and the association of cobble and pebble-sized fragments with 
sand-grade detritus, all of which he considered were indicative of a shallow-water 
setting. He also suggested that the formation of reaction rims at the junction of 
quartz and carbonate cement suggested rapid burial. Chaudhri (1975) built on the 
concept of a shallow water basin environment, with his interpretations that the basin 
was fresh water and the climate warm and humid. He deduced a fresh-water 
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environment from the complete absence of marine fossils, and the climate from the 
evidence of luxuriant vegetation. He envisaged a setting where heavily laden streams 
discharged their contents after a short distance into a fresh-water basin which 
occupied a depression transverse to the drainage system. Work on the palaeontology 
of the sediments by Singh (1978) agreed with this view. He noted the occurrence of 
horizontal surface burrows of insects, e.g. mud-loving Heterocerus, Tridaclylis etc. 
from which he interpreted a depositional environment of alluvial plains with rapidly 
shifting shallow braided streams. 
8B.2. Facies Interpretation for the Kasauli Formation based on this work 
The absence of red beds, caliche and large numbers of tap roots after the Dagshai 
Formation time and the appearance of large quantities of wood and plant material at 
the start of Kasauli Formation times suggests a shift in climate away from semi-arid 
and towards moist and humid at that time. This appearance of vegetative matter, the 
occasional appearance of rootlets, the lack of marine fossils, the sedimentary 
structures and the unidirectional palaeocurrent direction suggest a continental, 
fluvial, environment of deposition. The presence of degraded cuticle material may 
indicate a relatively proximal environment since cuticle material is easily destroyed 
by transportation (pers. comm. Jeff Goodall 1991) 
Having established that the Kasauli Formation was deposited by rivers, the 
next stage is to interpret the type of fluvial environment. I consider that the most 
likely interpretation is that of a braided fluvial system, possibly occurring as part of 
an alluvial fan. Unlike the Dagshai Formation, the Kasauli Formation deposits are 
unlikely to have been deposited by a meandering river since the sediments show no 
well developed fining-up cycles, no well developed overbanks or evidence of long 
periods of emergence, little dispersion of palaeocurrent orientations and the 
sandstone: mudstone ratio is high. An ephemeral sheet-flood environment is another 
possibility but, again, I consider this to be less likely than a braided fluvial system. 
The climatic indicators for the Kasauli Formation, such as they are, do not fit a semi-
arid environment where ephemeral sheetfloods are most likely to occur. In addition, 
the Kasauli Formation shows less evidence of parallel laminations and mud rip-up 
clasts compared to the Dagshai Formation - both of these sedimentary features being 
typical of a sheet flood environment. Finally, most of the Kasauli Formation 
sandstones are multistoried which, if an interpretation of sheetflood facies was being 
envisaged, would have involved almost continual flood events, with minimal 
emergence between floods. This is unlikely. In the following account, I will 
describe the theoretical models of the braided fluvial depositional environment and 
its interaction with alluvial fans, and then assess the similarities with the Kasauli 
Formation sediments. 
Theoretical models of braided fluvialfacies and their relationship to alluvial fans 
The following summary has been taken from the work of Walker & Cant (1984), 
Collinson (1989), Turner (1980), Cant (1982), Rust (1978), Friend (1978), Miall 
(1977) and Tunbridge (1984). Braided rivers often occur where there is an increase 
in detritus or a heavy load of coarse sediment, where slopes are higher and/or where 
there are rapid discharge fluctuations of a greater absolute magnitude than in 
meandering rivers. They are more common in up-stream reaches compared to 
meandering rivers and sheet floods, which usually occur in down-stream reaches. 
Braided rivers are characterised by their ability to migrate laterally due to the 
fact that floodplain banks are thinner, less cohesive and more easily erodable. This 
leads to the formation of sheet-like sandstone bodies and often the preservation of 
only minor amounts of floodplain material enclosed within the sandstones. These 
sandstones are unlikely to show channel margins due to their tendency for lateral 
migration. They are often composite, with a hierarchy of erosional surfaces between 
which tabular and trough cross-beds dominate, but with little vertical ordering. This 
reflects the less ordered spatial distribution of bed forms on the channel floor and the 
more random patterns of channel shifting and migration of low sinuosity and braided 
sandy streams. Sandstones are also found, on occasion, as lenticular deposits and/or 
as isolated sandbodies surrounded by finer material. 
The sedimentary associations that are found within the braided environment 
vary as the result of, amongst other things, the type of sediment deposited. Miall 
(1977) divided braided sediments into four types, two of which are characterised by 
proximal gravel dominated sediment and two of which are dominated by more distal 
sandy deposits. This study confines itself to the latter two types (called the Platte 
type and the Bijou Creek type), since gravel is absent in the Kasauli Formation. 
Fig. 8e shows typical sections of the Platte and Bijou Creek type models. In 
the Platte-type model, the main facies consists of medium to very coarse sand, 
displaying planar and trough cross-beds. A massive bed with an erosional base and 
mud rip-up clasts is often found beneath the trough cross-bedded unit. These 
sediments are interpreted as linguiod bars of the upper and lower flow regime (as 
defined by Harms & Fahnestock (1965)). Other sub-dominant facies include i) very 
coarse-grained to very fine-grained sandstone, horizontally bedded or massive, often 
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Fig 8e: Braided river depositional profiles (Miall 1978). 
Arrows show small cycle cyclic sequences. 
Sr = ripple marked sandstone, fine-grained to coarse-grained; Sp = planar cross-
bedded sandstone, medium-grained to coarse-grained; Fl = sand, silt, mud with fine 
laminations and small ripples; St = trough cross-bedded sandstone, medium-grained 
to coarse-grained; Sh = horizontal laminations and primary current lineations, fine-
grained to coarse-grained sandstone; Gm = imbricated gravel. 
Sr 
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with primary current lineations or small-scale ripple marks, interpreted as deposits of 
lower and upper flow regime planar bed flow, ii) coarse to fine-grained ripple cross-
laminated sand, interpreted as the product of ripples formed by low flow regime 
flow, iii) scour fill sand interpreted as the product of minor channels or scour 
hollows, iv) massive or crudely bedded gravel beds which show cross-beds and 
ripple marks, the product of longitudinal bars and channel lag and v) very fine 
interbedded sand, siltstone and mudstone, with ripple marks, bioturbation, plant roots 
and caliche which are deposits of waning floods and overbank deposition. 
In contrast to the sequence described from the Platte River, deposits from 
Bijou Creek, Colorado are significantly different. In this case, the dominant facies is 
that of very fine to very coarse horizontally laminated sandstone. Massive beds, 
primary current lineation and small scale ripples are all very common. These beds 
are interpreted as having been deposited by planar bed flow. Other subordinate 
facies are medium to very coarse, planar cross-bedded sand, interpreted as having 
been formed on bars and very fine to coarse rippled sand, interpreted as being the 
product of ripples generated by the lower flow regime. 
The differences in the two models described above are largely the result of 
discharge variations and proximal-distal positions. Those rivers with the most 
variable discharge (including ephemeral streams) have little topographic 
differentiation between bars and channels and, during high stages, flows are 
unconfined to give sheet floods characterised by parallel laminated sandstones of 
variable thickness. This environment is illustrated by the Bijou Creek deposits. 
Where discharge is steadier, there is better topographic differentiation between bars 
and channels. The Platte model, characterised by planar and trough cross-bed bar 
sediments, represents a steadier (possibly perennial) flow regime compared to Bijou 
Creek, but topographic differentiation is still considered to be minimal. The second 
cause for the variation, the proximal-distal positions, only occurs in certain 
circumstances. Sand dominated braided fluvial systems are only found in proximal 
environments where gravel is unavailable. This situation often occurs in Bijou Creek 
type environment. It is more usual for sandy braided streams to occupy a more distal 
environment and these sediments are transitional to meandering deposits. The Platte-
type model represents this environment. 
The association of braided alluvial rivers with alluvial fans is well 
documented. As Miall (1977) pointed out, the separation of a braided stream from an 
alluvial fan may be arbitrary because sediment dispersion on alluvial fans generally 
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takes place by means of ephemeral, braided channels. Also, some modern, 
perennially braided rivers migrate laterally over their own cone of deposition. 
Braided streams can be found on most types of alluvial fan, from stream dominated 
terminal fans to ephemeral semi-arid fans where stream channel processes are by far 
the most common, to the extent of becoming transitional with stream dominated 
humid' fans. In general, the braided, low-sinuosity network of Platte type is found 
between the more proximal gravel facies and the more distal playa-lake facies. 
Sandstone dominates on the lower fan, and the deposits are characterised by thick 
sequences of stacked channel sediments of a typical braided nature as described 
above. 
Vertical and lateral changes in alluvial fans have already been discussed in 
section 7B.2.2.3. Additional description, pertinent to a braided fluvial environment 
is provided by Steel (1974) and Tunbridge (1984). Steel described a vertical 
sequence from debris flow alluvial fan deposits, through stream flood alluvial fan 
deposits to braided fluvial, alluvial fan deposits and attributed these changes to be the 
result of a progressive reduction in basin-source relief or due to a gradual change to a 
more humid climate. Tunbridge (1984) cocentrated on proximal-distal variations. 
His work on the Trentishoe Formation has already been discussed in detail in section 
7B.2.2.3. On this terminal fan, the proximal sediments consisted of a network of low 
sinuosity channels which transported a sandy bed load and suspended mud to give 
extensive multi-storey channel sands. Discharge decreased down fan and the 
channels decreased in depth. The medial sequence consists of upward coarsening 
cyclothems, beginning with distal thin-bedded sheet sands and progressing upwards 
to single channel fill sandstones. These sediments are interpreted as shallow flood 
sheet sandstones, cut at low stage by meandering channels and shallow washes. The 
distal sequence is that of a playa lake facies assemblage as discussed in section 
7B.2.3.l. 
Interpretation of the Kasauli Formation facies in the light of the theoretical models 
described above. 
The Kasauli Formation fits well with the braided fluvial model. Facies Association 
A, which I interpret as having been deposited in a channel environment, fits well with 
the model with respect to the multistorey nature of the sandstones and the sheet-like 
appearance of the sandstones. These planar beds indicate lateral mobility of the 
channel, common in a braided 'fluvial regime, whilst the lenticular beds possibly 
represent periods when the channel migrated less. A small proportion of overbank 
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material is also typical of a braided fluvial regime, and this is characteristic of the 
Kasauli Formation where Facies Association B, interpreted as overbank siltstone and 
mudstone, is minor. The limited dispersion of palaeocurrents for the Kasauli 
Formation sediments also points towards a braided regime. In addition, a change 
from the sheet flood and meandering facies of the Dagshai Formation to a braided 
fluvial regime for the Kasauli Formation is highly likely in view of the increased 
coarse sediment load which favours braiding and the possible switch to a moist, 
humid climate which would result in less ephemeral, semi-arid characteristics which 
are so typical of the Dagshai Formation. 
Although the exposures of Kasauli Formation braided sediments alone are 
insufficient to provide evidence for or against deposition on an alluvial fan, the 
Kasauli Formation seen in its overall context, alongside the Dagshai Formation, gives 
more information. In view of the fact that the Dagshai Formation has been 
interpreted as the product of a terminal alluvial fan (see section 7B.2.2.4), it would be 
sensible to envisage that this alluvial facies persisted, albeit modified, into the 
Kasauli Formation times, the sediments of which have a gradual, transitional and 
gradational conformable contact with the Dagshai Formation sediments below. 
Although the change in climate would make a terminal fan less likely, the alluvial fan 
could have become modified into a stream-dominated fan, more appropriate to that 
climate. The vertical changes due to climate, as suggested by Steel (1974)and 
described above, are similar to those shown for the Dagshai and Kasauli Formations 
(with the absence of the debris flow) and the proximal-distal transitions, as described 
by Tunbridge (1984) (see above) are echoed by the Himalayan foreland basin fluvial 
sediments, assuming a prograding fan. This is a likely assumption in view of the 
encroaching thrust front and uplifting land mass typical of foreland basin areas 
(section 1.3). 
Fig. 8f summarises the main Kasauli Formation depositional environments. 
PART C: COMPARISON OF THE KASAULI FORMATION WITH THE 
OVERLYING SIWALIK SEDIMENTS 
It has been mentioned (e.g. J. Cater pers. comm. 1992 and R. Yeats 1993) that the 
Kasauli Formation sediments are very similar to the overlying Siwalik sediments of 
Mid-Miocene to Plio-Pleistocene age (Shah 1977; Parkash et al. 1980; Schelling & 
Arita 1991), more specifically the Lower Siwalik Sub-group. In view of the lack of 
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evidence used to date the Kasauli Formation (see section 4.6.4) the concept that the 
Kasauli Formation should be incorporated into the Lower Siwalik Sub-group must be 
considered. Adding fuel to this argument is the fact that no rocks directly equivalent 
to the Kasauli Formation are found in Nepal, where the upper contact of the Dumre 
Formation of Nepal, equivalent to the Indian Dagshai Formation (see section 3.3.1), 
is never mentioned. It would appear that the next youngest rocks, the Siwalik Group, 
is bounded by tectonic contacts. The upper part of the Murree Formation in Pakistan 
has been suggested as an equivalent of the Indian Kasauli Formation (Gansser 1964) 
and the Kamlial stage is another possibility, but controversy remains as to whether 
the Kamlial stage should be assigned to the Murree Formation or Siwalik Group (see 
section 3.4). In Pakistan, the Murree Formation, Kamlial stage and the overlying 
Chinji Zone of the Lower Siwalik Sub-group all have conformable, gradational 
contacts (Shah 1977). Table 3a tabulates the possible correlatives. 
The Sub-Himalayan Siwalik sediments are divided into Lower, Middle and 
Upper Siwalik Sub-group, dated, in Pakistan at 14.3-10.8 Ma, 10.8-8.5 Ma and 
younger than 8.5 Ma respectively (Johnson et al. 1985). Note that including the 
Kamlial stage in the Lower Siwalik Sub-group would give an older lower date to that 
sequence (18.3 Ma). The sediments are made up of a clastic sequence of 
conglomerates, sandstones and shales, deposited as mega-cones in two coarsening-up 
mega-cycles (Parkash et al. 1980). They represent the late Tertiary Himalayan 
foreland basin deposits. Work for this thesis did not reveal a sedimentary contact 
between the Kasauli Formation and the younger Siwalik sediments in the Lesser 
Himalaya; the Siwalik Group was only found beneath the early Tertiary foreland 
basin deposits in the Sub-Himalaya and separated by tectonic contacts. However, 
some authors (e.g. Parkash et al. 1980) described the Lower Siwalik sediments 
conformably overlying the Kasauli Formation with a sedimentary contact in the 
Lesser Himalaya. 
In the following sections, a description of the Kamlial Formation and the 
Lower Siwalik Chinji Formation sediments will be given, and the differences and 
similarities between the Lower Siwaliks and the Kasauli Formation will be 
described. 
8C.1 Description of the Kamlial Formation of Pakistan: 
The Kamlial sediments are made up of alternating sandstones and mudstones, with a 
sandstone/mudstone ratio of 1.53 (Johnson et al. 1985). According to Johnson et al., 
two types of sandstone, which are often multistoried, can be recognised: the first type 
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is massively bedded and well indurated, the second is friable, poorly indurated with 
spheroidal weathering. Both are greenish-grey. 
In contrast to this, Shah (1977) described the sediments as medium to coarse 
grained, purple-grey and dark brick red sandstones with yellow and purple 
intraformational conglomerate and spheroidal weathering. The sands are interbedded 
with hard purple shale. 
Meissner et al. (1974) divided the Kamlial sediments into lower, middle and 
upper units. He described the lower section as consisting of greenish-grey to grey, 
medium grained, cross-bedded sandstones with conglomerate lenses and a few beds 
of brownish-red and purple silty clay. The middle section is made up of interbedded 
sandstone, siltstone and clay. The sandstone is fine to coarse grained, light grey with 
conglomerate lenses and forms hogback ridges. The silts and clay are reddish brown 
and nodular. In the top part of the Kamlial sequence, the sandstones are medium to 
coarse grained, greenish grey, grey and light grey in colour, cross-bedded and with 
conglomerate lenses. They form hog-back ridges. The silts and muds are mottled 
brown, grey and green in colour. 
Petrographically, the Kamlial unit rocks are rich in tourmaline but poor in 
epidote (in contrast to the Murree Formation in which the rocks are rich in epidote 
and poor in tourmaline (Gansser 1964; Shah 1977), they have low to negligible levels 
of blue-green hornblende believed to have been derived from the Kohistan Island Arc 
in N. Pakistan (Cerveny et al. 1989) and they have a high proportion of mica and 
dark minerals (Meissner et al. 1974). 
8C.2 Description of the of the Lower Siwalik Sub-group (also called the Chinji 
Formation in Pakistan and the 'Nahans' in India). 
The Chinji Formation of Pakistan: The most conspicuous feature of this formation is 
the predominance of bright red and brownish red mudstones and siltstones (Gansser 
1964; West & Munthe 1981). Sandstones are usually subordinate, the 
sandstone/mudstone ratio being 0.25 (Johnson et al. 1985), although Shah (1977) 
noted that although the sequence is overall an argillaceous one, arenaceous deposits 
dominate in some areas. The sandstones have been described as greenish-grey 
(Johnson et al. 1.985), thin, poorly cemented and ash-grey (Gansser 1964), fine to 
medium grained, ash grey to brownish-grey, cross-bedded, soft, with rare 
intraformational conglomerate (Shah 1977) and grey to brown-grey, cross-bedded, 
fine to coarse grained with spheroidal weathering (Meissner et al. 1974). Low to 
negligible levels of blue-green hornblende have been noted by Cerveny et al. (1989), 
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the source probably being the Kohistan Island Arc. Both Meissner et al. (1977) and 
Johnson et at. (1985) noted that the Chinji Formation erodes easily to give a sunken, 
valley or slope topography. 
The Lower Siwalik Sub-group or 'Nahans' of India: The sediments consist of grey, 
bluish-grey and purple sandstones, and hard shales coloured maroon, chocolate and 
grey (Rupke 1974; Parkash et al. 1980). The sandstones are highly indurated, fine to 
coarse grained and, according to Rupke, have a calcareous cement. Parkash et al. 
noted that some of the fine sandstones contain iron oxide cement. Rupke stated that 
few primary sedimentary structures are noticeable, but Parkash et al described 
scoured surfaces filled with intraformational conglomerate, planar laminations, cross-
bedding and cross-laminations. Looking at the petrography of the sandstones, both 
Rupke and Parkash et at. noted the appearance of staurolite in the Lower Siwalik 
sediments, and Parkash also described the quartz-feldspar-Iithics proportions of the 
rock as shown in Fig 8g. 
From my own limited work on the Lower Siwalik sediments (I visited 
sections near Nahan and Dogadda, both located on Fig ib), I would describe the 
sequences as being more than 95% sandstone, showing well developed channels and 
clear and frequent large-scale cross-beds. The sandstones are yellow/buff-grey in 
colour and relatively soft (compared to the Kasauli Formation sandstones). Mud rip-
up horizons are also found. The shales are hard, grey and often cross-laminated. 
Small fragments of wood and large logs are found throughout the sequence. In thin 
section, I did not identify any staurolite, but the calcareous sparite was present in 
minor amounts in some samples. Tourmaline dominates over epidote. 
The Lower Siwalik sediments of Nepal: Auden (1935) described the Nepalese Lower 
Siwalik sediments as consisting of an alternation of brown weathered sandstones and 
chocolate clays which, he says, are not unlike the Nahan Unit. Schelling & Arita 
(1991) noted that the sediments consist primarily of grey, black, green and maroon 
mudstones and shales with minor sandstones. 
8C.3 Discussion of the Kasauli equivalence 
Is the Kasauli Formation equivalent to the Kamlial Formation, part of the Lower 
Siwalik Sub-group, or neither? In view of the varying descriptions of the same rock 
type, e.g. Johnson et al.'s (1985) description of the Kamlial stage compared to Shah 
(1977) and my observations of the Lower Siwalik sediments, it is difficult to assess 
the likelihood of Kasauli Formation equivalents. However, the following points do 
aid clarification; 
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8C.3.1 Comparison of the Kasauli Formation with the Kamlial Formation: 
• 	comparing my field descriptions of the Kasauli Formation with the literature 
on the Kamlial 'stage, the lithologies do, to a certain extent, appear similar. In 
particular, the sandstones described as the lower part of the Kamlial (Meissner at al. 
1974) and the well indurated sandstones of Johnson et al. (1985) seem to bear close 
resemblance to the Kasauli Formation. 	Although reddish-brown sandstones 
described for the Kamlial Formation are negligible in the sections I have described 
for the Kasauli Formation, it could be that the sequences I have assigned as 
'transitional' Dagshai Formation to Kasauli Formation, and which consist of grey 
Kasauli-like sandstones and red Dagshai-Iike mudstones, are in fact already part of 
the 'Lower Kasauli' Formation. Comparison with the literature on the Kasauli 
Formation shows that Chaudhri (1971) recorded minor intercalations of purple 
coloured shale and Chaudhri & Pande (1976) noted that some sandstones are purple-
grey coloured. 
• 	the Kamlial Formation is described as forming hog-back ridges (c.f. the 
Lower Siwalik rocks) and this 'upstanding' topography is similar to that found for the 
Kasauli Formation. 
• 	the Kamlial Formation sandstone/mudstone ratio of 1.53 is significantly 
lower than typical Kasauli Formation values which range from 2.25-1 1 .1. However, 
the formations are similar in that the ratios show that both formations have a higher 
proportion of sandstone compared to shale. This is in contrast to Lower Siwalik 
rocks where mudstone dominates over sandstone (Shah 1977; Johnson et al. 1985). 
It is also possible that the differences in the sandstone : mudstone ratio between the. 
Kasauli Formation and the Kamlial Formation are smaller than appears at first sight. 
The Kasauli Formation ratio is based on sections from near to the middle of the 
Kasauli succession. 'Lower Kasauli' successions have a higher proportion of 
mudstone and would therefore have a lower sandstone : mudstone ratio, possibly 
more similar to the Kamlial Formation ratio. In addition, the logs taken from the 
Kasauli Formation are relatively short, and tracts of non-exposure could be 
concealing a large proportion of the mudstones. 
the petrographic data from the two formations are not directly comparable in 
view of their differing provenances. Small quantities of hornblende are noted in the 
Kamlial Formation, but none are found in the Kasauli Formation. However, 
considering that the provenance of the hornblende is thought to be the Kohistan 
island arc situated in N. Pakistan (Cerveny et al. 1989), the lack of hornblende in the 
Indian rocks, far removed form the local source, may not be surprising. The Kasauli 
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Formation does mirror the Kamlial Formation in having a higher proportion of 
tourmaline compared to epidote, but the significance of this is uncertain because in 
Pakistan the older Murrees show the exact reverse from the Kamlial Formation (i.e. 
high epidote concentrations compared to tourmaline). In India, the older Dagshai 
Formation has the same signature as the Kasauli Formation (i.e. high tourmaline, low 
epidote). 
the palaeomagnetic strength of the Kamlial Formation is sufficient to use for 
palaeomagnetic dating purposes. In contrast to this, the palaeomagnetic signal from 
the Kasauli Formation is weak and consists mainly of present day noise (this study). 
This could imply differences in mineralogy. 
8C.3.2 Comparison of the Kasauli Formation with the Lower Siwaliks 
in outcrop, the Kasauli Formation fits neither my description of the Lower 
Siwalik sediments (yellow sandstone, well-defined large cross-beds), or the 
description as gleaned from the literature (a high proportion of red shales). Although 
it is possible that the 'transitional' Dagshai Formation to Kasauli Formation 
sequences could be the red shales, these sequences never approach the 
sandstone:shale ratio of 0.25 as described for the Lower Siwalik Sub-group. In 
addition, a literature study of the Kasauli Formation shows my descriptions to be in 
agreement with other workers, who also described the formation as an essentially 
grey coloured arenaceous sequence with minor shale intercalations (Chaudhri 1971; 
Chaudhri & Pande 1976). 
• 	the Lower Siwalik sediments are described as weathering to give a sunken 
topography. This is in contrast to both the Kasauli Formation proper and the 
'transitional sequences'. 
• 	the Kasauli Formation contains no staurolite, a mineral which is common in 
the Lower Siwalik rocks. 
• 	similar to the Kamlial Formation and unlike the Kasauli Formation, the 
Lower Siwalik rocks have a strong remnant magnetism (the Kasauli Formation only 
has a weak present day magnetic signal). 
• 	comparison of the Q-F-L diagrams of the Kasauli Formation and Lower 
Siwalik rocks (Figs. 8b and 8g) is also non-conclusive. Four points can be made; 
The Lower Siwalik rocks contain more feldspar, but the differentiation of 
orthoclase feldspar from quartz by its 'dusty' appearance is difficult and subjective. 
My, albeit limited, data set for both the Lower Siwalik sandstones (shown as 
triangles on Fig. 8g) and the Middle Siwaliks (shown as triangles in Fig. 8h) plot in 
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different areas to the data of Parkash et al. (1980) for the same formations. This 
could either show that local facies changes make inter-regional comparison at a 
detailed level meaningless, or that point counting techniques are subjective and only 
comparisons from data obtained by one worker is meaningful at a detailed scale. The 
Lower Siwalik sediments, as counted by myself, plot at the extreme end of the 
Kasauli Formation field. The small size of the Lower Siwalik data set precludes 
further interpretation. 
The sandstones from the underlying Murree Formation of Pakistan plot in the 
same or similar field as the Lower Siwalik sandstone (Critelli & Garzanti 1994; Fig. 
8i). As these, definitely separate sediments cannot be distinguished from each other 
on the QFL diagram, it is unlikely that the Kasauli Formation, which would be 
transitional between the two, will be identifiably different. 
Garzanti & Critelli (1993), on the basis of their Murree Formation point count 
data and Parkash et al.'s (1980) Siwalik point count data, stated that a major change 
in the detrital mode of sandstones is recorded in Siwalik times, associated with the 
rise of the Himalaya and the development of the MCT. However, the presentation of 
their data is misleading. Closer examination shows that the Lower and Middle 
Siwalik data have been amalgamated in their summary table and these combined 
'Siwalik' data do, indeed, show a marked variation from the Murree Formation. 
However, if the Lower and Middle Siwalik data are separated, it can be seen that the 
major change in detrital modes occurs at the start of Middle Siwalik time and 
therefore no variations would be expected between the Murree Formation and the 
Lower Siwalik. 
8C.4 Conclusions 
From the above, I would suggest that there are sufficient differences between the 
Kasauli Formation and the Lower Siwalik Chinji Formation to justify their separate 
names. I would not envisage the Kasauli Formation as being a part of the Siwalik 
sequence. However, the Kasauli Formation does bear some similarities with the 
Kamlial Formation of Pakistan. This is unsurprising in view of the fact that they are 
considered to be approximately the same age (the Kamlial Formation is probably 
slightly younger than the Kasauli Formation; it has been dated by palaeomagnetism at 
18.3-14.3 Ma (Johnson at al. 1985)). Bearing in mind that the Kamlial Formation is 
not part of the Siwalik Group (in spite of the confusion that exists, see section 3.4), it 
would appear that if the Kamlial and Kasauli Formations were correlated, this would 
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even strengthen the argument that the Kasauli Formation is not part of the Siwalik 
Group. 
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Illite crystallinity and vitrinite reflectance were the main methods used in this 
study to determine the level of diagenesis that the rocks have undergone and their 
depth of burial. In addition, red bed diagenesis will be discussed briefly. 
9.1 Illite crystallinity 
9.1.1 Theory 
a) Hbrei 
Kubler (1967), Weber (1972a & b), Kisch (1980a & b) and Aprahamian & Paris 
(1981) have shown that the width at half height of the 1OA illite peak on X-ray 
diffraction patterns decreases with an increase in metamorphic grade as Fe 2 , Mg2 , 
H20 and OH- are expelled from the lattice and K is absorbed. This half peak width 
is known as Hb. To enable better inter-laboratory correlation and to guard against 
variations in machines, the Weber index (Weber 1972) is used whereby crushed 
quartz is used as an external standard. Hb 1 is calculated using the following 
equation: 
Hb = Hb(00 1)illite X100 
re! 
 Hb(100)quartz 
Kubler (1967) used the Hb to define the diagenetic zone (<200°C), the 
anchizone (200-370°C) and the epizone (>370°C). Later, Blenkinsop (1988) 
calculated that the Hb 1 upper and lower limits of the anchizone were 278 and 149 
respectively. 
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b) b0 spacing 
Work by Sassi (1972), Sassi & Scolari (1974), Fettes et al. (1976) and Padan et al. 
(1982) has shown that, other factors being equal, the b 0 spacing of potassic white 
micas depends on changes in the geobaric gradient with constant temperature. 
Therefore, the b 0  spacing, measured on illite 060 is a relative measure of pressure. 
Sassi et al. (1976) and Guidotti & Sassi (1986) have assigned b 0 spacings of <9.00A 
to a low pressure regime, b0 spacings between 9.000A and 9.040A to an intermediate 
pressure regime and b 0 spacings above 9.040A to a high pressure regime. 
9.1.2 Methodology 
All sample preparation and analysis was carried out by Grahame Oliver at St. 
Andrews University. 
The illite crystallinity and b0 spacing was measured on the <2tm fraction of 
illite in order to avoid contamination by detrital illite which would carry with it a 
previous signature. In order to separate the <2tm illite fractions from the whole 
rock mudstone samples, the following procedure was used: the samples were 
crushed for ten seconds in a tema mill and the resulting coarse-grained powder 
disaggregated in an ultrasonic bath for fifteen minutes. Then the<2!.Im illite fraction 
was separated by centrifugation and sedimented onto a glass slide. Hb, and b 0 were 
then measured for the samples. 
9.1.3 Results of the study 
a) illite crvstallinity 
Fig. 9a shows illite crystallinity values for the Subathu, Dagshai and Kasauli 
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should be noted that the data set only contains a limited number of samples. A 
number of points can be made: 
- all samples fall within the diagenetic to lowest anchizone categories; the diagenetic 
category corresponds to temperatures of <200°C and the anchizone category 
corresponds to temperatures of 200-370°C. Bearing in mind that the samples only 
attained Hb 1  values corresponding to the lowest part of the anchizone (i.e. Hb 1 
values closer to 149 than 278, temperatures much above 200°C are not envisioned. 
- although the limited sample size reduces clarity, it is possible that the Hb 1 values 
in this study are significantly different between lithologies. The observed variations 
can be summarised as 
the Subathu Formation of the lowest structural level is at a lower grade compared 
to the Dagshai and Kasauli Formations. 
the Subathu Formation of the intermediate structural level has values which span 
the entire range of values from the lowest structural level. 
the highest structural level rocks display values of a higher grade than the lower 
and intermediate structural levels. However, the data set is extremely small. 
Therefore, it can be seen that the variations are not explainable in terms of 
simple differences between formations. Possible causes of the variations are 
discussed below. 
Contamination by detrital material: Looking at data from the lowest structural level 
only, the differences could be explained by assuming that detrital material had 
contaminated the Dagshai and Kasauli Formation samples (there is negligible detrital 
material in the marine Subathu Formation). Whole rock analyses were run on the 
samples to test this hypothesis. The Dagshai and Kasauli Formation whole rock 
samples showed a marked decrease in Hb, compared to the equivalent <2pm, 
attributable to the presence of detrital material in the whole rock sample. This would 
appear to suggest that a significant proportion, but not necessarily all of the detrital 
201 
material was removed from the <2pm fraction and therefore was not the cause of the 
lithological/formational differences in Hb 1 values. It would be useful to compare 
the whole rock Hb 1 values for the Dagshai and Kasauli Formations compared to the 
Subathu Formation in order to look at their relative decreases in Hb 1 . Presumably if 
the Subathu Formation whole rock sample showed a much larger decrease in Hb 1 
compared to the other two formations whole-rock samples, this could imply that 
there was a much greater difference between the whole rock and non-detrital samples 
in the Subathu Formation compared to the Dagshai and Kasauli Formations. 
Therefore it would be possible that the less significant differences found in the latter 
two formations were due to the presence of at least a small proportion of detrital 
material in the non-detrital sample. Unfortunately, it was not possible to measure the 
Hb 1 of the Subathu Formation whole rock samples as there was insufficient illite 
proportions in the sample to produce a peak. 
It should also be mentioned that a detrital cause for the variations between 
formations would not explain why the Subathu Formation of the intermediate 
structural level has Hb 1 values which span the range of values for the Dagshai and 
Kasauli Formations of the lowest structural level. It follows that it is unlikely that 
the presence of detrital material caused the variation between the Dagshai / Kasauli 
formations and the Subathu Formation, but it is not conclusive. 
Grain size: Frey (1987) noted that coarse-grained clastic sediments tend to have 
better crystallised illites than fine-grained sediments. Dunoyer de Segonzac (1970) 
suggested that one reason for this was that coarse-grained sediments have higher 
porosities and permeabilities, allowing better circulation of interstitial solutions with 
concomitant aggradation of illite. In the case of the rocks in this study, although the 
Dagshai and Kasauli Formations do contain coarser-grained material (sandstone) 
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than the Subathu Formation, care was taken to sample only the fine-grained material 
and grain-size differences are minor. 
Chemical/mineralogical composition: High concentrations of potassium enhance 
illite crystallinity. Carbonates are deficient in potassium and therefore the 
aggradation of illite may be retarded (Frey 1987). In contrast, in evaporites the high 
potassium content will enhance illite crystallinity (Kubler 1968). In the present 
study, limited XRF results show that potassium concentrations of Subathu Formation 
samples from both the lowest and intermediate structural levels are generally lower 
than potassium concentrations found in the Dagshai and Kasauli Formations (see 
appendix E). The presence of this low concentration in the intermediate structural 
level Subathu Formation samples rules out a simple potassium variability being the 
cause of the differences in Hb 1 . However, the presence of carbonate may be more 
informative. Subathu Formation samples from the lowest structural level usually 
consist of calcite and quartz. In contrast, Subathu Formation samples from the 
intermediate structural level often contain anatase and muscovite, but only one 
sample contains calcite. In the Dagshai and Kasauli Formations, where calcite occurs 
at all, it is a minor constituent, and the Hb 1 readings appear unaffected by its 
presence. These chemical differences may go some way to explaining the variability 
between the formations. 
The lack of samples falling into the diagenetic zone in the highest structural 
level may be an artefact of the small sample size. Alternatively, because the samples 
are in close proximity to evaporites, this may have enhanced their illite crystallinity 
although XRF analysis shows that the potassium content of the samples are of similar 
values to the potassium contents of the Dagshai and Kasauli Formations of the lowest 
structural level. Frey (1987) mentioned stress as another cause of increased illite 
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crystallinity, and since sediments of the highest structural level are found just beneath 
a thrust, this could also be the cause of the higher values. 
In conclusion, although some of the factors that may have caused the 
variation in Hb 1 values between formations have been discussed, the list is by no 
means exhaustive. Other factors, for example the occurrence of seawater and the 
composition of the solutions flowing through the rock are also critical Huang (1992). 
They are, however, outside the scope of this project. 
b) b0 spacing 
Fig. 9b(i-iii) shows b0 spacings for the Subathu, Dagshai and Kasauli Formations at 
the lowest, intermediate and highest structural levels respectively. Rocks of the 
lowest structural level appear to have been subjected to low-intermediate pressure 
regimes, rocks of the intermediate structural level span the same boundaries but with 
a higher proportion of samples in the low pressure area compared to the lowest 
structural level samples, and rocks of the highest structural level fall into the 
uppermost part of the intermediate pressure regime. 
Explanation of these results is relatively straightforward. If the slightly lower 
pressure regime of the intermediate structural level compared to the lowest structural 
level is real rather than an artefact of sampling, then this could be explained by the 
fact that the lowest structural level samples were buried beneath more rock than the 
samples from the intermediate structural level, and hence the pressure was greater. 
The samples from the highest structural level were collected from a region in close 
proximity (i.e. directly beneath) a thrust and therefore the higher pressure is probably 
related to a localised pressure increase related to the thrusting. 
Sassi & Scolari (1974) advised extreme caution in using b 0 values from 
samples of certain compositions. Samples with a high quartz andlor chlorite content 
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& Sassi (1986). 
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rocks give consistently low readings and rocks containing paragonite, margarite, 
pyrophyllite, magnetite or haematite give incorrect readings. However, in this project 
it appears that compositional variations have not adversely affected the results. The 
Dagshai Formation rocks contain haematite but their b 0 spacings appear consistent 
with those of the other formations. Carbonate in the Subathu Formation is the other 
possible problem but, if anything, the carbonate rich Subathu Formation samples 
(from the lowest structural level) give higher values than the non-carbonate Subathu 
Formation (of the intermediate structural level). In addition, the b 0 values of the 
carbonate-rich Subathu Formation samples are indistinguishable from the b 0 values 
of the other two formations at the same structural level. 
9.1.4 Comparison with previous work 
Johnson & Oliver (1990) measured the Hb 1 and b0 spacings of the Subathu 
Formation in Uttar Pradesh. Their results show that the Subathu Formation of this 
area had an average b 0 value of c. 8.985, lower than the average values for this study, 
and Hb 1 values indicative of temperatures less than 200°C. However, most of the 
samples analysed by Johnson & Oliver are from outcrops that correlate with the 
intermediate structural level of this project. Comparing the results of Johnson and 
Oliver directly with the intermediate structural level Hb 1 values and b0 spacings of 
this project shows that the difference is insignificant. 
9.2. Vitrinite reflectance and fluorescence colour 
9.2.1 Theory 
a) vitrinite reflectance 
Vitrinite reflectance is the percentage of incident light that is reflected from vitrinite. 
Vitrinite reflectance increases as temperature, pressure and time increase. This is 
because vitrinite reflectance depends on the refractive index of vitrinite (which is a 
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function of atomic density and increases with degree of aromatization) and the 
absorption index of vitrinite (which is a function of the degree of condensation). 
Therefore there is a close relationship between increasing vitrinite reflectance and 
decreasing volatile matter (Teichmuller 1987). 
Barker & Pawlewicz (1986) correlated vitrinite reflectance with maximum 
palaeotemperature using the equation: 
In (R0 ) = 0.0096 (T) - 1.4 
where R0 is the vitrinite reflectance value and T is maximum temperature in °C. 
Although, according to Hillier & Marshall (1992), this type of approach has 
been criticised because it ignores the effect of time on the maturation of vitrinite, 
they justify this approach because recent studies have shown that, contrary to earlier 
concepts, neglecting the time factor should not result in serious uncertainties. 
b) spore and algae fluorescence colour 
Spore and algae change colour from yellow-orange to black as maturation increases. 
By visually comparing the colours of the spores / algae in the sample to a spore 
colour standard (e.g. Pearson 1984), an estimation of maturation and a correlation 
with vitrinite reflectance values can be determined and the palaeotemperature 
calculated. 
9.2.2 Methodology 	 'I 
a) vitrinite reflectance 
Samples were prepared and analysed at Shell U.K. Exploration and Production, 
London and K.S.E.P.L., Holland. The samples were polished and an incident light 
beam shone onto the polished sample block. Reflected light was measured using a 
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photometer mounted on top of a Leitz Aristomet microscope. Between seven and 
fifty readings were taken per sample. 
b) spore and algae fluorescence 
Samples were prepared and analysed at Shell U.K. Exploration and Production, 
London. 
9.2.3 Results of the study 
a) vitrinite reflectance 
Vitrinite reflectance was measured for six samples collected from the Subathu and 
Kasauli formations of the lowest and intermediate structural levels. Table 9a shows 
the sample number, its Formation and structural level, its mean vitrinite reflectance 
value and the calculated maximum palaeotemperature based on the above equation. 
TABLE 9A: VITRIN1TE REFLECTANCE VALUES AND ESTIMATED MAXIMUM 
PALAEOTEMPERATURES FOR SAMPLES 
Sample 
number 




Hm93-19D Subathu lowest? 1.93 214°C 
Hm91-82A Subathu intermediate 1.84 209°C 
Hm91-13B Subathu intermediate 1.82 208°C 
Hm91-6B Subathu intermediate 1.56 192°C 
Hm91-IOB Kasauli lowest 1.60 195C 
Hm91-12B Kasauli lowest 1.13 159°C 
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b) algae and spore fluorescence colour 
Two samples were suitable for this study. Results are shown in Table 9b. 
TABLE 9B: FLUORESCENCE COLOUR, MATURITY ESTIMATIONS AND 
PALAEOTEMPERATURES OF SAMPLES 
Sample Formation Structural Object Fluorescence Maturity Maximum 
number level colour estimation palaeotemp 
Hm91-12B Kasauli lowest algae orange 0.95-1.10 140-156°C 
Hm90-PW Dagshai highest spores yellow - 0.55-0.80 84-123°C 
yellow/orange  _ 
9.3 Estimation of burial depth 
Assuming a thermal gradient of 25 0C/km (Bickle et al. 1975; Johnson & Oliver 
1990) the burial depth of the samples can be calculated, using the estimated 
palaeotemperatures from illite crystallinity, vitrinite reflectance and fluorescence 
colour. It should be noted that estimating the surface temperature at 25°C will reduce 
burial depths by 1 km. However, in view of the great uncertainty regarding 
temperatures in the mountain range at the time, and the fact that marine sediments 
would have been subjected to a vastly different depositional temperature to 
continental sediments, estimations of surface temperature should be viewed with 
caution. 
Using the illite crystallinity data, it can be seen from Fig. 9a that most of the 
samples lie in the diagenetic zone which corresponds to temperatures of less than 
200°C. The burial depth is 8 km (7 kms if corrections are made for surface 
temperature) for a maximum palaeotemperature of 200°C. 
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Vitrinite reflectance values and fluorescence colour provide more precise 
estimates of maximum palaeotemperature for individual samples. Table 9c shows 
calculated depth of burial values from vitrinite reflectance and fluorescence colour 
data. 
TABLE 9c: CALCULATED BURIAL DEPTHS FOR SAMPLES, BASED ON 
PALAEOTEMPERATURE DETERMINATIONS FROM V1TRIN1TE REFLECTANCE AND 
FLUORESCENCE COLOUR DATA. 
Sample no. Formation Structural level Palaeotemp. burial depth* 
Hm93-19D Subathu lowest? 2 14°C 8.6 km 
Hm91-82A Subathu intermediate 209°C 8.4 km 
Hm91-13B Subathu intermediate 208°C 8.3 km 
Hm91-6B Subathu intermediate 192°C 7.7 km 
Hm9 1-lOB Kasauli lowest 195°C 7.8 km 
Hm91-12B (vitrinite) Kasauli lowest 140-156°C 5.6-6.2 km 
Hm91-12B (spores) Kasauli lowest 159°C 6.4 km 
Hm90-PW Dagshai highest 84-123°C 3.4-4.9 km 
* depths should be reduced by 1 km if a surface temperature of 25°C is estimated. 
From table 9c it can be seen that there is little difference between the burial depths of 
the lowest and intermediate structural levels, all the values except for Hm91-12B 
giving depths between 7.7 and 8.6 km (6.7 and 7.6 kms if estimates of surface 
temperature are taken into account). Hm91-1213 and Hm90-PW give significantly 
lower burial depths. This could be due to the less precise method used to estimate 
their palaeotemperature (fluorescence colour of spores and algae), but Hm9 1-1 2B 
produced only marginally different burial depth results when both vitrinite 
reflectance and spore fluorescence methods were used. Even taking into account the 
generally lower values obtained using the algae and spore fluorescence method, it is 
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possible that the much lower burial depth recorded for Hm90-PW is not an artefact of 
the measurements. This shallower burial depth could be explained by the fact that 
the sample is from the highest structural level which was subjected to lesser amounts 
of overburden and burial compared to the lowest and intermediate structural levels. 
9.4 Red bed diagenesis 
This has affected rocks of the Dagshai Formation. In this section, firstly the theory 
behind red bed diagenesis is described, and secondly the ways in which these theories 
relate to processes in Dagshai Formation diagenesis are discussed. 
9.4.1 Theories of red bed formation 
Turner (1980) described two major sources of red bed pigment. 
Detrital iron oxides are converted to haematite with time. The enrichment of iron 
hydroxides in the clay and silt fraction of fluviatile red beds goes some way to 
explaining the fact that red siltstone and mudstone generally contain much more iron 
compared to associated sandstones. 
The intrastratal breakdown of detrital iron bearing minerals leads to the formation 
of authigenic minerals including haematite. Reddening progresses with time as 
detrital ferromagnesian silicates are altered by interstitial groundwater. 
The Old Red Sandstone is a good example of red rocks that show the inter-
relationship between the above two processes. In the Old Red Sandstone facies, the 
fine-grained members are almost exclusively red in colour whilst the coarser grained 
beds vary in colour through shades of grey, greenish-grey, olive-grey and brownish-
grey. The fine-grained facies have a high proportion of haematite, much greater than 
the amount found in the coarser-grained facies, and much of the haematite is found in 
the clay fraction (Turner 1980). 
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Fine member reddening 
A number of authors (e.g. Van Houten 1964, 1973; Friend 1966; Turner 1974) 
believed that the concentration of pigmentary haematite in the fine members reflects 
a depositional concentration of brown coloured ferric hydroxide precursors in the 
floodplain environment. Friend (1966) argued that in the floodplain environment, 
abundant iron hydroxides were deposited with the clay-rich suspended load. Because 
of periodic drying out and lowering of the water table, oxidising conditions prevailed 
and iron hydroxides altered to haematite. In contrast to this, the channel 
environments where sandstone was deposited, remained below the water level after 
deposition. Eyidence for this process is that there is a paucity of haematite in recent 
alluvium (Walker 1974), clay-grade ferric oxides are unstable relative to haematite 
(Berner 1969), large amounts of total iron are found in fine members, and the 
geochemical conditions described are often met with in alluvial sediments (Turner 
1980). 
Coarse member reddening: 
The above mechanism (as described for fine grained material) does little to explain 
why coarse-grained material can be red. The implication is that reducing conditions 
were never developed and that groundwaters during diagenesis were always 
oxidising. However, in the Old Red Sandstone there is evidence to suggest that 
reducing groundwaters were migrating through the sandstones until their final 
compaction. This evidence is in the form of green, secondarily bleached zones found 
beneath and sometimes above the sandstone implying expulsion of reducing 
groundwaters during compaction (Turner 1980). 
Colour variations of the coarse members in the Old Red Sandstone are largely 
due to the relative abundance and distribution of pigmentary clay-oxides (including 
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haematite). Turner (1980) reviewed three ways in which these clay oxides could 
have formed. 
I) In some clay-rich sandstones the framework constituents have thick clay-oxide 
pellicles. 
Some clay oxide coatings are due to mechanical infiltration of the fine-grained 
material. 
Intrastratal dissolution and solution of iron bearing grains have provided the 
necessary iron for haematite to form. Evidence for this process includes; 
- the marked near total absence of unstable ferromagnesian silicates such as 
hornblende and pyroxene in the Old Red Sandstone, where these minerals would be 
expected in abundance in view of the igneous and metamorphic source areas. 
- the occurrence of partially haematised chlorite and biotite flakes. 
- the total pseudomorphing of some biotite flakes by haematite (Turner & Archer 
1977). 
9.4.2 Red bed diagenesis of the Dagshai Formation. 
On the basis of palaeomagnetic work (section 4.3.2 and appendix A, Najman et al. 
1994) it has been shown that the haematite formed during early diagenesis i.e. pre-
folding. 
In the Dagshai Formation, the red colouration appears to be inversely related 
to grain-size, with the mudstones, siltstones and fine-grained sandstones invariably 
being a red colour, and the medium and coarse-grained sandstones often exhibiting 
shades of grey. In thin sections of the sandstones, the opaque iron oxides are usually 
found as coatings around the grains, discrete pellicles being relatively rare. 
Significant alteration of chiorites to haematite was not observed. The thin sections 
clearly show that the opaque iron oxide coatings are far more common and 
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widespread in the fine and medium grained sandstones compared to the coarse-
grained material where opaque material can be almost absent. 
The above description suggests that the diagenetic mechanisms involved in 
fine member reddening (i.e. iron hydroxides being preferentially deposited with clay 
material and subsequently being converted to haematite) were dominant in the 
Dagshai Formation lithologies. However, diagenetic mechanisms associated with 
coarse-member reddening probably played a minor role. Although the lithology is 
lacking in ferromagnesian silicates, this is probably not due to intrastratal solution 
since the non-red coloured Kasauli Formation above is also lacking in these minerals 
(section 8A. I). Hornblende makes a first conspicuous appearance at II Ma in the 
Siwalik Formation (Cerveny et al. 1989) and these changes are widely believed to be 
provenance related. The lack of partially haematised chlorite is another factor which 
precludes intrastratal alteration as being a major contributant. 
Iron-oxide pellicles are not abundant, as described previously, but iron oxide 
coatings are common. These coatings could be due to mechanical infiltration or 
reprecipitation of iron from solution (the source of the iron presumably being from 
the surrounding clays and associated iron hydroxides). Bearing in mind that the 
coatings are far more common and well developed in the finer and medium grained 
sandstones compared to the coarse-grained sandstones, the later mechanism seems 
more likely. This is because mechanical infiltration would presumably favour the 
coarser, more porous material, and the finer material has a higher proportion of clays 
within its framework. 
9.5 Summary 
In this chapter, processes which have affected the foreland basin rocks subsequent to 
their deposition are described. 
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Hbmi illite crystallinity values, vitrinite reflectance data and spore and algae 
colour provide evidence of palaeotemperatures. Palaeotemperatures are estimated as 
less than 215°C, correlating with the diagenetic or lowest anchizone grade of 
metamorphism. Assuming a geothermal gradient of 25°CIkm, the 
palaeotemperatures indicate a depth of burial of less than 9 km, and less than 8 kms 
if we allow a surface temperature of 25°C. Data from the highest structural level 
suggests shallower burial depths (3.4 - 4.9 km, or 2.4-3.9 kms taking into account 
surface temperature estimates) which may reflect the lesser degree of overburden 
which the highest structural level has experienced compared to the lowest and 
intermediate structural levels. Illite b 0 values suggest that the rocks have been 
subjected to low to intermediate pressures. Values from the intermediate structural 
level indicate lower pressures compared to the lowest structural level which reflects 
the lesser degree of overburden experienced by the intermediate structural level 
higher up the thrust stack. The highest structural level sediments show b 0 values 
which are indicative of higher pressures compared to the other two structural levels. 
This is likely to reflect localised high pressure directly beneath the Jutogh thrust, and 
occurring because of this thrusting. It is directly beneath this thrust that the highest 
structural level early Tertiary sediments are located. 
The Dagshai Formation beds are red coloured. Palaeomagnetic studies have 
shown that the haematite formed during early diagenesis. Red colouration within the 
fine grained sediments is thought to have formed due to iron hydroxides being 
preferentially deposited with the clay material and subsequently being converted to 
haematite. Red colouration within the coarse-grained material is less pronounced. 
This reddening is thought to be due to mechanical infiltration or reprecipitation of 
iron from solution, the source of the iron presumably coming from the surrounding 






In this chapter, the various methods used in this project for determining the 
provenance of the sediments will be described. The type of source rock will be 
discussed and where possible, inferences will be made regarding specific source 
units. To aid this discussion, a brief recap of the Himalayan lithologies (including 
potential source areas for the early Tertiary sediments) will be given. Previous work 
will be compared to the present study. 
10.1 Summary of Himalayan lithologies (including potential source areas) 
Section 1.2 and Figs. Ia & Ic, provide a detailed description with references of the 
various structural units of the Indian and Nepalese Himalaya. In order to facilitate 
the forthcoming discussion on provenance areas, a brief recap is given below. From 
south to north the main lithotectonic units are as follows; 
The Sub-Himalaya 
Bounded to the south by the Main Frontal Thrust and to the North by the Main 
Boundary Thrust; the Sub Himalaya consists of the Mio-Pliocene to recent Siwalik 
foreland basin sediments. 
The Lesser Himalaya 
The Lesser Himalaya lies to the north of the Main Boundary Thrust and to the south 
of the Main Central Thrust, also called the MCT H and the Vaikrita Thrust. The 
rocks consist dominantly of carbonate and clastic sedimentary and low-grade 
metamorphic rocks, plus various granitoids. Near to the top of the Lesser 
Himalayan thrust pile (i.e. near the MCT) the grade of metamorphism increases and 
garnetifierous schists are common. These rocks have been variously called the 
Munsiari Formation, Jutoghs, or MCT Zone and some workers have separated them 
from the remainder of the Lesser Himalayan Formation below with a further thrust, 
called the Munsiari Thrust or MCT I. There is no consensus of opinion as to 
whether this higher grade of metamorphism beneath the MCT H was due to 
movement along the MCT or whether the metamorphism was pre-Himalayan. 
The High Himalaya 
The High Himalaya was thrust over the Lesser Himalaya along the Main Central 
Thrust. Rocks of the High Himalaya are Indian plate Precambrian basement and 
Palaeozoic-Mesozoic cover rocks, metamorphosed to amphibolite facies medium- 
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pressure schists, gneisses and amphibolites and intruded by Miocene leucograniteS. 
Metamorphism was both pre-Himalayan and Himalayan and the metamorphic 
isograds are inverted i.e. the metamorphic grade increases from garnet-biotite grade 
in the south, through staurolite and kyanite grade to sillimanite grade in the north. 
Two main theories are used to explain this inverted metamorphism: 1) the sequence 
is a large-scale recumbent fold with the highest grade material representing the core 
of the fold. The upper limb of the fold has been removed by normal faulting and 
erosion and 2) the inversion is a consequence of thrusting. Movement along the 
MCT brought hot rocks of the High Himalaya into contact with cold rocks of the 
Lesser Himalaya, resulting in cooling of the High Himalayan rocks adjacent to the 
thrust and conductive heating of the Lesser Himalayan rocks adjacent to the thrust 
(the Munsiari Formation). 
The Tibetan-Tethys Zone 
The Tibetan-Tethys zone is separated from the High Himalaya by the Zanskar 
Normal Fault. The rocks consist of the Palaeozoic and Mesozoic sedimentary rocks 
(dominantly shelf carbonates with subordinate shales and sandstones), minor 
basaltic volcanics and relatively rare Early Ordovician gneissose granite which 
originated on the northern passive margin of the Indian plate. Only the basal 
sediments are metamorphosed (up to low grade, with a stronger metamorphic 
overprint to garnet grade in easternmost Zanskar). Debate continues as to whether 
this metamorphism is the result of movement along the normal fault or whether the 
metamorphism pre-dates the fault. 
Ophiolites were thrust over the sedimentary units during the Himalayan orogeny. 
The Indus-Zangpo suture zone (ITSZ) 
The ITSZ marks the line of collision between India and the Kohistan-Ladakh arc-
batholith in the west and between India and Tibet in the central-Eastern Himalaya. 
Rocks of the suture zone in India consist of 1) the Lamayuru Complex of passive 
margin slope to base of slope Tethyan sediments (shales, quartzose turbidites and 
redeposited limestones, 2) ophiolitic melange (gabbros, volcanics, blueschists, 
shales and cherts) 3) the Dras Arc Complex consisting mainly of volcaniclastic 
sediment and 4) the Indus Group of dominantly Himalayan molasse sediments, 
mainly fluviatile, alluvial fan and lacustrine sandstones and conglomerates. In 
Pakistan, the suture zone consists of blueschists and garnet granulites. 
The Trans-Himalaya 
The Trans-Himalayan granitoid batholith lies to the north of the suture zone. It is an 
Andean-type magmatic belt consisting of granodiorite, diorite and gabbroic plutons. 
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Eurasia/Tibet 
Eurasia/Tibet lies to the north of the Trans-Himalayan batholith. It consists of 
micro-terranes which were accreted to the southern margin of Asia prior to the main 
Himalayan orogenic collision. 
In North Pakistan the Indian and Eurasian plates, which to the east are 
directly separated by the ITSZ, are separated by the Kohistan Island Arc. Kohistan 
was thrust over India along the Main Mantle Thrust (MMT) which is the effective 
westward continuation of the ITSZ. The thickened Indian crust south of the MMT is 
characterised by a south-verging, crustal-scale thrust stack composed of a number of 
nappes (e.g. Swat, Besham, Hazara, Lower Kaghan, Upper Kaghan and Banna 
nappes), each lithologically, structurally and stratigraphically different. These 
nappes are separated from the Lesser Himalaya below by the Panjal Thrust 
(equivalent to the MCT further East). The MBT in Pakistan occupies the same 
position as its eastern extension. 
10.2 Previous work 
Provenance studies of Himalayan-derived sediment can be divided into three 
categories; studies of the early Tertiary Himlayan sediments, studies of the late 
Tertiary Siwalik sediments and studies of the Bengal Fan sediments. These will be 
discussed in turn, and the work summarised in table lOa. 
10.2.1 The early Tertiary foreland basin sediments 
Early workers, e.g. Pilgrim (1910), Wadia (1931, 1975), Gansser (1964), Krishnan 
(1982) believed that the early Tertiary red beds, were derived from the south, 
possibly from the Pre-Cambrian iron-bearing Purana Formation of Peninsular India. 
Their belief stemmed from the red colouration of the early Tertiary sediments, from 
which they interpreted a high iron content. 
Later workers disagreed with the above interpretation. Bossart & Ottiger 
(1989) measured the iron content of the oldest Murree rocks of Pakistan. They 
noted that these rocks did not have an anomolously high Fe 203 + FeO content or 
Fe201IFeO ratio. Iron-bearing minerals were interpreted as being mainly diagenetic, 
fine particle pigments of haematite and subordinate detrital coarse grains of 
haematite, magnetite and spinel. Bossart & Ottiger proposed a northerly source on 
the basis of chrome-spinels, detrital zircon and volcanic lithic clasts found in the 
sediments. This material would probably have come from the ophiolites or the Dras 
or Kohistan arc complex of the Trans-Himalaya rather than a southerly source where 
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TABLE IOA: SUMMARY OF PREVIOUS WORK ON THE PROVENANCE OF HIMALAYAN DERIVED SEDIMENTS (AS DETAILED IN SECTION 10.2) 
FORMATION / AUTHOR BAsIc/DIAGNosTIc DATA INFERRED PROVENANCE COMMENTS / INTERPRETATIONS 
Subathu Fm. Chaudhri (1969, 71, 75) sst. silst. mudst.& lst.,qtz often has normal sedimentary cover to metamorphic rocks 
extinction, no metmamorphic lithics  
Murree I Dagshai Fm. red sst., siltst. & mudst. S. derived, Pre-Cambrian iron-bearing provenance based on red color implying Fe 
e.g Gansser (1964)  Purana Fm. rich source, not true (see below) 
Murree Fm. Bossart & Ottiger (1989) red sst., siltst. & mudst. ophiolitic derived e.g. Kohistan/ Dras not a southerly source (see above) because 
with chrome-spinels, zircon Complex, Trans-Himalaya the Murrees are not abnormally Fe rich and 
and volcanic clasts  Fe minerals, are diagenetic 
Murree Fm. Cruel/i & Garzanti (1994) as above, with low -grade metapelite lithic Tethyan suture zone plus subordinate source was fold belt of proto-Lesser /High 
clasts > igneous clasts Trans-Himalaya Himalayan rocks, S. of Tethys 
Murree Fm. Abbasi & Friend (1990) as above Indian plate basement rocks and Tethyan disagreed w. suture souce, as they found no 
sequence to S. of MMT minerals diagnostic of a suture zone 
Dagshai Fm. Chaudhri (1969, 71, 75) red sst, siltst. & mudst., metamorphic rocks inferred source is the metamorphic rocks 
qtz has undulose extinction, metamorphic which underlie the Subathu Fm. source 
clasts found  
Dumre Fm. as above Northerly derived as deduced by palaeocurrent data 
(Sakai 1989)  
Kasauli Fm. grey ssts., silsts. & mudst. with garnets metamorphic rocks higher grade source c.f. Dagshai Fm. 
(Chaudhri 1969, 71,75)  
Siwalik Gp. (Lower, Middle & Upper) yellow sst., siltst, mudst., staurolite in Lower Lower Siwalik: High Himalayan source progressive occurence of staur, ky & sill 
Chaudhri (1975), Parkash etal. (1980) Siwaliks, kyanite in Mid Siwaliks & Mid Siwalik: High & Lesser Himalaya implies progressive unroofing to deeper 
sillimanite in Upper Siwaliks Upper Siwalik: as above + older Siwalik levels of metamorphic source. 
Siwalik Gp. (Pakistan) Johnson et al. as above plus hornblende from 11 Ma as above plus Kohistan arc as source of hbl. Implies Kohistan arc was unroofed at 
(1985), Cerveny et al. (1989)  II Ma, but cf Bossart & Ottiger (above) 
Bengal Fan Bouquillon etal. (1990), marine turbidites High Himalaya (small contribution from source inferred from H, 0, Sr & Nd 
France-Lanord et al. (1993)  Lesser & Tethyan Himalaya) isotopes 
Bengal Fan, divided into 17-15 Ma, 15- marine turbidites. 17-15 Ma has much qtz & 17-15Ma: Lesser Himalayan source provenances inferred from study of basic 
8Ma & <8 Ma slices dolomite, scarce plag. & hbl. 15-8 Ma has (+ subordinate Tethyan source) petrography. 
Yokoyama etal. (1990) amph. & pumpellyite. <8Ma, Lesser 15-8 Ma: mainly High Himalayan source 
Himalayan type garnets <8Ma: mainly Lesser Himalayan source 
these types of sources are uncommon. Bossart & Ottiger considered that a more 
distant source was precluded as the zircons were euhedral, presumably implying 
short transport distances. 
Critelli & Garzanti (1994) also worked on the Murree Formation lithologies 
but came to slightly different conclusions. Based on the triangular quartz-feldspar-
lithics diagram of Dickinson & Suczek (1979) (see section 10.3.4) the rocks plot in 
the recycled collisional orogen field. The composition of the rock fragments (low-
grade metamorphic lithics, volcanic lithics, ophiolitic lithics, sedimentary lithics) 
plus the occurrence of detrital spinel, zircon and amphibole, suggested that the rocks 
were derived from the Tethyan suture zone. The majority of the lithic fragments are 
low-grade metapelites, the igneous contribution being subordinate. From this, they 
argued that the dominant source was that of proto-Lesser/High Himalayan relief 
made of mildly metamorphosed supracrustal Indian margin rocks, possibly mainly 
late Proterozoic to Cambrian pelites overprinted by low-grade pan-African 
metamorphism. This fold-thrust belt would have started to be uplifted just south of 
the Tethys Himalayan Zone, since the onset of collision. A significant igneous 
contribution from the Trans-Himlayan arc-trench system is also envisaged. 
In contrast to this, Abbasi & Friend (1989) studied the younger part of the 
Murree succession in Pakistan and found no spinels or any minerals diagnostic of 
the suture zone. They ascribed the low-grade metapelitic detritus as having come 
from Indian plate basement rocks and the Tethyan sequence found to the south of 
the Main Mantle thrust in Pakistan. 
Other studies have also focused on the mineralogical assemblage of the rocks 
as well as the palaeocurrent evidence. Chaudhri (1969, 1971, 1975) noted that the 
sources increased in metamorphic grade as the sediments become younger. The 
Subathu Formation contains a relatively high proportion of quartz showing normal 
extinction and no metamorphic lithic fragments. The Dagshai Formation contains 
metamorphic lithic fragments and a high proportion of quartz grains showing 
undulatory extinction, whilst garnets and chlorite are found in the Kasauli 
Formation. From these data, Chaudhri deduced that the Subathu Formation detrital 
material was derived from a sedimentary cover to the metamorphic rocks. The 
metamorphic provenance was unroofed in Dagshai Formation times, and 
progressive unroofing then exposed deeper and higher-grade levels of the 
metamorphic complex. A northerly provenance is confirmed by Raiverman's (1968) 
observation of cross-bedding, and similar cross-bedding directions have been noted 
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for the Dumre Formation of Nepal (equivalent to the Dagshai Formation of India) 
(Sakai 1989) (see section 3.3.1). 
10.2.2 Late Tertiary-Quaternaryforeland basin sediments 
The Siwalik sediments stratigraphically overlie the early Tertiary sediments. 
Chaudhri 1975 and Parkash et al. 1980 examined the Siwalik sediments in India. 
They found that minerals within the sediments display a simple increase in 
metamorphic grade as the sequence proceeds up-section; this reflects progressive 
unroofing of deeper levels of the metamorphic source area. The Lower Siwalik 
sediments show the first appearance of staurolite, kyanite is found in the Middle 
Siwalik Sub-group and sillimanite marks the beginning of the Upper Siwalik Sub-
group. The distribution of these minerals, as well as the occurrence of limestone 
clasts in the Middle Siwaliks and quartzite, granite gneiss and schist in the Middle 
and Upper Siwaliks as well as sandstone clasts in the Upper Siwaliks have allowed 
the above workers to deduce the following provenance history for the Siwaliks in 
India: the metamorphic minerals imply that the High Himalayan Crystallines, 
uplifted by the Main Central Thrust, were a major contributor throughout Siwalik 
time, progressive unroofing exposing higher-grade metamorphic rocks. In mid 
Pliocene time the Main Boundary Thrust was active, uplifting the Lesser Himalaya 
as an additional source area. This would be responsible for the occurrence of the 
limestone clasts in the Middle Siwalik Group at that time. The Upper Siwaliks, as 
well as being sourced by the Higher and Lesser Himalaya, also contain sandstone 
clasts derived from the Lower and Middle Siwalik Groups. This was caused by 
continued movement along the Main Boundary Thrust which resulted in uplift and 
erosion of the earlier Siwaliks during the time of Upper Siwalik deposition. 
In Pakistan, there is an increase in the proportion of metamorphic minerals 
during Mid Siwalik times (Johnson et al. 1985; Cerveny et al. 1989). These workers 
also noted that a major influx of hornblende occurred at I iMa in the Siwalik 
sediments in Pakistan. This they attributed to unroofing of the Late Cretaceous 
Kohistan arc at this time, although it should be noted that Bossart & Ottiger (1989) 
ascribed the chrome spinels found in the older Palaeocene-Eocene Murree sediments 
to the Kohistan arc. 
10.2.3 Bengal Fan sediments 
Studies of the Bengal Fan material is limited in that the drill core only penetrated to 
a horizon corresponding to 17 Ma. Four studies attempted to define provenance, 
and results varied. Bouquillon et al. (1990) and France-Lanord et al. (1993) 
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measured the H, 0, Sr and Nd isotopes of various mineral separates in the Bengal 
Fan material. They concluded that the isotopic composition remained constant 
throughout indicating no change in the major provenance type since 17 Ma. They 
further deduced that the isotopic signatures measured were consistent with the 
signatures found in the High Himalayan Crystallines but different to the signatures 
of Lesser Himalayan and Tethyan rocks. The High Himalaya was therefore the 
major source of detritus throughout this period, although subordinate contributions 
from the Lesser Himalaya and Tethys sequence was expected. Meanwhile, 
Copeland et al. (1990) isotopically dated single detrital muscovites using 40Ar/39Ar. 
They discovered that throughout the period represented by the borehole, at each 
stratigraphic interval, there was a significant number of micas which had an age 
identical to the time of deposition. From this they deduced that rapid uplift was 
occurring at that time. Copeland et al. noted that an area 25 km southwest of Lhasa 
and another area just north of Everest were undergoing rapid uplift in the Early 
Miocene, and they suggested these regions as possible source areas for the material 
from the older part of the Bengal Fan. Intermediate stratigraphic levels of the 
Bengal Fan were not dealt with in the paper, but for Bengal Fan material of less than 
9 Ma, they suggest that the region directly north of the MCT or between the MCT 
and the MBT is the probable source area, since it has experienced significant and 
frequent tectonic disruptions. In contrast, Yokoyama et al. (1990) looked at the 
petrology of the silts in the Bengal Fan. They deduced, from the abundant quartz 
and dolomite and relatively scarce calcic plagioclase and hornblende found in the 
stratigraphic interval from 17-15 Ma, that the source was non or weakly 
metamorphosed sedimentary rocks. One set of rocks that fits this description is the 
Lesser Himalaya and so this was chosen as the likely candidate with only a small 
contribution from the Tethyan sediments expected. At 15 Ma, the first appearance 
of amphibole is noted, and this, along with the presence of pumpellyite, led 
Yokoyama et al. to deduce a dominantly metamorphic provenance for this time. A 
High Himalayan provenance was inferred, with the Lesser Himalaya playing a minor 
contribution. The High Himalaya was the dominant source region until 
approximately 8 Ma, after which time the Lesser Himalaya began to contribute to a 
far greater extent, as evidenced by the appearance of 'Lesser Himalayan type' 
garnets. 
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10.3 Provenance determination based on the work from this study 
10.3.1 Provenance determination from minerals and lithic fragments (thin 
section and XRD). 
10.3.1.1 Singrali Formation 
As described in sections 5A. 1 & 5A.2, the Late Cretaceous Singtali Formation 
contains little variety in its clastic material, the clastic component (quartz, 
tourmaline and carbonate lithic clasts) being subordinate to the non-clastic carbonate 
material. Quartz grains, which are quite angular, usually show undulose extinction, 
indicative of deformation. Tourmaline can occur in granites, basic igneous, rocks 
and metamorphic rocks (Deer et al. 1966) and the carbonate lithic fragments are 
obviously derived from a sedimentary environment, probably from within the basin 
of deposition. 
10.3.1.2 Subathu Formation 
As described in section 6A. 1. I, the 'classic' Palaeocene-Eocene Subathu Formation 
contains little clastic material, with quartz, anatase, chlorite, tourmaline and micritic 
and quartzite lithic fragments being present, along with small amounts of muscovite, 
biotite, plagioclase feldspar, epidote, chrome spinel and opaques. The quartz has a 
high proportion of straight extinction, strain-free grains indicating a possible 
plutonic source whilst the lithic fragments imply a sedimentary provenance. Many 
of the other minerals are not diagnostic of a specific rock type. The following 
mineral parageneses are taken from Deer et al. (1966). 
Anatase: occurs in a variety of igneous and metamorphic environments, as well as in 
sedimentary rocks where it can be of detrital or authigenic origin. 
Chlorite: characteristically occurs in low-grade metamorphic rocks of the 
greenschist facies and also in igneous rocks as an alteration product of 
ferromagnesian minerals. In sedimentary rocks it is a common product of 
weathering and can occur as detrital or authigenic material. 
Epidote: is found mainly in regionally metamorphosed rock formations. The 
appearance of epidote marks the threshold of greenschist to epidote-amphibolite 
facies. 
Muscovite: occurs in many metamorphic and igneous rocks, especially granites and 
schists. 
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Biotite: is an extremely widespread mineral, occurring in a wide range of 
metamorphic and igneous settings. However, the colour of the biotite can give some 
indication of the metamorphic grade of the source rock. Green-brown biotites are 
often indicative of low-medium grade metamorphic environments whilst red-brown 
biotites are more characteristic of high grade metamorphic environments. 
Tourmaline: is typically a mineral of granite and granite alteration as well as 
occurring in metamorphic rocks.. 
Plagioclase feldspar (albite): Plagioclase is a ubiquitous mineral in basic and 
intermediate igneous rocks, as well as being common in metamorphic rocks, the 
composition of the plagioclase generally being related to the metamorphic grade of 
the host rock. XRD identified the plagioclase feldspar albite in the red Subathu 
Formation sediments (uppermost Subathu Formation, section 6A. 1.2), and albite is 
the stable plagioclase in the chlorite and biotite zones of regional metamorphism, 
occurring in such rocks as chlorite-biotite-epidote-albite amphibolites and chlorite-
albite schists. 
Chrome-spinel: Chrome-spinel is most common in ultrabasic igneous rocks, and 
has therefore been used by some workers (e.g. Bossart & Ottiger 1989; Critelli & 
Garzanti 1994) as being indicative of derivation from ophiolite complexes in areas 
where ophiolite obduction has taken place. 
10.3.1.3 The Dagshai Formation 
The Dagshai Formation contains all of the minerals and lithic fragments described in 
the Subathu Formation, with the following additions and alterations: 
The Dagshai Formation contains a higher proportion of strained quartz and 
the first appearance of metamorphic schist lithic fragments are seen, although 
sedimentary lithic fragments are dominant. Biotites are green-brown coloured. In 
the Dagshai Formation in the third structural level, the muscovites are often foliated. 
The minerals lepidolite (i.e. Li mica) and zircon make their first appearance in the 
classic' Dagshai Formation and garnet and microcline are found in the Dagshai 
Formation at the third structural level. Chrome-spinel is extremely rare. The 
paragenésis of these minerals is given below. (after Deer et al. 1966). 
Lepidolite: occurs almost exclusively in granite pegmatites and high temperature 
metamorphic veins. 
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Zircon: is found mainly in igneous, especially plutonic, rocks. It is less common in 
metamorphic rocks although it can resist even high grade metamorphism. 
Garnet: is especially characteristic of metamorphic rocks, particularly intermediate 
grade amphibolite facies, as well as being found in some granites and pegmatites 
and acid volcanic rocks. 
Microcline: in addition to albite, (already described in section 10.3.1.2), microcline 
appears for the first time. Alkali feldspars are essential constituents of alkali and 
acid igneous rocks, especially syenites, granites and granodiorites. They are also 
major constituents of pegmatites and many acid and intermediate gneisses. 
10.3.1.4 The Kasauli Formation 
The rocks studied contained a similar suite of minerals to that of the Dagshai 
Formation, with the following changes: there is (i) a higher proportion of lithic 
fragments and (ii) a higher proportion of metamorphic to sedimentary lithic 
fragments, compared to the Dagshai Formation. Garnet is found throughout the 
Formation. Microcline, lepidolite and zircon were not recorded. Strained quartz 
grains were again more prominent than unstrained quartz and biotite was again a 
green-brown colour. 
10.3.1.5 Conclusions 
From the sandstone mineralogy it can be inferred that the Singtali and Subathu 
Formations were probably derived from a dominantly sedimentary source, with the 
chrome-spinels of the Subathu Formation from an ultrabasic (probably ophiolitic) 
source. The epidote and rare feldspar, chlorite, biotite, tourmaline and muscovite 
may indicate some derivation from a low grade metamorphic source. 
The sudden loss of chrome-spinel in the Dagshai Formation suggests that the 
u!trabasic source was not contributing detritus to the basin by this time. The 
mineralogy (e.g. chlorite and biotite) suggests derivation from a low grade 
metamorphic source during Dagshai Formation times, although the sedimentary 
lithic fragments show that a sedimentary source is still important. 
By Kasauli Formation times, a metamorphic source of slightly higher grade 
(garnet grade) was being eroded. This is consistent with the higher proportion of 
metamorphic lithic fragments found in the Kasauli Formation sandstones. 
Table lOb summarises these changes in mineralogy through time. 
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Table 1 Ob: trends and variations of sandstone mineralogy for the Singtali, 
Subathu, Dagshai and Kasauli Formations. 
garnet musc. tourm. 	pincl 	lithics 	hiotile chlorite Isp. quartz 	epidote 
Kasauli 





very very very variable Subathu very 
Fm. rare rare rare I 	rare 
Singtali very variable 
Fm. rare  
Abbreviations: muse = muscovite, spinet = chrome spinet, 
tourm = tourmaline, lithics = lithic clasts, fsp = feldspar 
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10.3.2 Tourmaline as a provenance indicator 
/0.3.2. / Theory and discussion of results 
Henry & Guidotti (1985) noted that tourmaline is a useful petrogenetic indicator 
mineral. They showed that despite the large number of possible substitutions that 
can be made in tourmaline, generalisations can be made relating tourmaline 
composition to rock type. They used two triangular diagrams, one plotting Al-
Fe(tot)-Mg, the other plotting Ca-Fe(tot)-Mg and distinguished eight and six 
provenance fields respectively. With the tourmalines used by Henry and Guidotti, 
there was strong zonation within the tourmalines, sufficient for the core and rim of a 
tourmaline to fall in different fields. They therefore concentrated on the tourmaline 
rims, which they knew were in equilibrium with the host rock, in order to draw up 
their provenance fields on the triangular diagrams. 
In this study, the tourmalines are detrital, and it is not possible to assess 
whether it is the rims or the cores that characterise the unknown source rocks. 
Fifteen tourmalines from the Himalayan foreland basin sediments were subjected to 
electron probe traverses in order to test for any variations due to zoning. 46% (7/15) 
of the tourmalines analysed in this way show appreciable zoning, and 13% (2/15) 
cross the boundaries of Henry & Guidotti. Figs. lOa and lOb illustrate the most 
zoned tourmalines from each formation, with Henry & Guidotti's fields drawn on. 
Rims and cores are not marked on the graphs because the tourmalines are often 
abraded fragments. Fig. lOc shows Mg profiles across selected tourmalines (Fe , Ca 
and Al do not vary appreciably). In this figure, tourmaline 8 clearly shows 
discontinuous zoning, although with the other zoned tourmalines it is less clear as to 
whether the zoning is continuous or discontinuous. The presence of discontinuous 
zoning can also be seen optically, with some tourmalines displaying abrupt colour 
changes. However, other tourmalines do not show these colour changes and this 
could be because they are unzoned or because they have been cut at an angle 
whereby zoning will not be noticeable. Clearly, the effect of zoning is significant 
and should be taken into account when interpretations are made, but it is not 
possible to ascertain whether the rims or the cores characterise the source rocks. 
Furthermore, in view of the detrital nature of the tourmalines, it is possible that the 
original rim is no longer present due to erosion or the grain may be only a fragment 
of a larger grain as can be seen in the Mg profiles for e.g. tourmalines 4 and 8 which 
are obviously incomplete profiles. For this reason, identification of core and rim 
positions was not possible and therefore this distinction was not made on the graphs. 
In addition to the 15 traverses, 26 tourmaline apparent cores (i.e. not rims) were 
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(iii) Fe Mg 
1i 
(ii) Fc /Ig 
Al 
Fields 
= Li-rich granitoid pegmatites and aplites 
2 = Li-poor granitoids and associated pegmatites & aplites 
3 = Fe(3+)-rich quartz-tourmaline rocks (hydrothermally altered granites) 
4 = Metapelites and metapsammites co-existing with an Al-saturated phase 
5 = Metapelites and metapsammites not co-existing with an Al-saturated phase 
6 = Fe(3+)-rich quartz-tourmaline rocks, caic-silicate rocks and metapelites 
7 = Low-Ca meta-ultramafics and Cr. V-rich metasediments 
8 = Metacarbonates and meta-pyroxenites 
Fig. lOa: Traverse across (i) tourmaline 41 from the Subathu Formation, 
(ii) tourmaline 8 from the Dagshai formation and (iii) tourmalirie 4 from 
the Kasauli Formation (triangular diagrams were constructed from molecular 
proportion data) 
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I = Li-rich granitoid pegmatites and aplites 
2 = Li-poor granitoids and associated pegmatites & aplites 
3 = Ca-rich metapelites, metpsammites and caic-silicate rocks 
4 = Ca-poor metapelites, metpsammites and quartz-tourmaline rocks 
5 = Metacarbonates 
6 = Meta-ultramafics 
Fig. lOb: Traverse across (i) tourmaline 41 from the Subathu Formation, 
(ii) tourmaline 8 from the Dagshai formation and (iii) tourmaline 4 from 
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Fig. lOc: Traverses across selected zoned tourmalines with Fe (black triangles) 
and Mg (white diamonds) plotted in mol. %. Traverses 1 and 2 were set 
approximately perpendicular to each other 
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analysed in order to achieve more meaningful comparisons with the work of Rai & 
Le Fort (1993) who analysed tourrnalines (predominantly cores) from the Lesser 
Himalaya, High Himalaya and Tibetan Sedimentary series. 
10.3.2.2 Interpretation of results: 
a) compared to the work of Henry & Guidotti (1985) 
The two triangular diagrams shown in Fig. lOd & e have the fields of Henry & 
Guidotti marked on them, and the Subathu, Dagshai and Kasauli tourmalines 
plotted. It can be seen that on the Al-Fe-Mg triangular diagram, Subathu Formation 
tourmalines are nearly all grouped in fields 4 and 5, with one tourmaline falling into 
field 2, the tourmalines from the transitional Subathu-Dagshai Formation rocks are 
all found in fields 2, 4 and 5 but mainly in 4, Dagshai Formation tourmalines are 
also found in fields 2, 4 and 5, but most occur on the boundary between fields 4 and 
5, and the tourmalines from the Kasauli Formation are again found within fields 2, 4 
and 5, but with the majority of analyses plotting in field 2. On the Ca-Fe-Mg 
diagram, all tourmalines are found in either field 2 or 4, but the proportion of 
tourmalines found in field 2 increases from only one tourmaline in the Subathu 
Formation through to an even distribution between fields 2 and 4 in the Kasauli 
Formation. 
Two main interpretations could be made from these, somewhat ambiguous, 
data: 
within each formation, tourmalines could come from more than one source, i.e. 
the spread of the data over the different fields actually represents tourmalines of 
different provenance. 
the tourmalines within each formation were all derived from one source type, and 
the scatter is the result of zonation. 
If we are to assume that within each formation, all tourmalines were derived 
from a single source, do we interpret that this was the same source for all three 
formations? Figs. lOd & e suggest a common source for all three formations, since 
all the data plot in the same region. However, variations do exist between 
formations. For example, in the Ca-Fe-Mg triangular diagram, the Kasauli 
Formation contains a higher proportion of tourmalines in Field 2 compared to the 
Dagshai Formation, which in turn has a higher proportion compared to the Subathu 
Formation. Also, in the Al-Fe-Mg triangular diagram, it can be seen that 
tourmalines from the Subathu and Dagshai formations fall mainly in Fields 4 and 5, 
whilst tourmalines from the Kasauli Formation fall mainly into Field 2. 
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• Dagshai Formation 
Kasauli Formation 
Fields 
= Li-rich granitoid pegmatites and aplites 
2 = Li-poor granitoids and associated pegmatites & aplites 
3 = Fe(3+)-rich quartz-tourmaline rocks (hydrothermally altered granites) 
4 = Metapelites and metapsammites co-existing with an Al-saturated phase 
5 = Metapelites and metapsammites not co-existing with an Al-saturated phase 
6 = Fe(3+)-rich quarsz-tourmaline rocks, caic-silicate rocks and metapelites 
7 = Low-Ca meta-ultramafics and Cr, V-rich metasediments 
8 = Metacarbonates and meta-pyroxenites 
Fig. lOd: tourmaline analyses from the Subathu, Dagshai and Kasauli 
Formations, plotted with the fields of Henry & Guidotti (1985) shown 
(triangular diagram was constructed from molecular proportion data) 
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• Dagshai Formation 
Kasauli Formation 
Fields 
I = Li-rich granitoid pegmatites and aplites 
2 = Li-poor granitoids and associated pegmatites & aplites 
3 = Ca-rich metapelites, metpsammites and caic-silicate rocks 
4 = Ca-poor metapelites, metpsammites and quartz-tourmaline rocks 
5 = Metacarbonates 
6 = Meta-ultramafics 
Fig. iDe: tourmaline analyses from the Subathu, Dagshai and Kasauli 
Formations, plotted with the fields of Henry & Guidotti (1985) shown 
(triangular diagram was constructed from molecular proportion data) 
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I believe that, at least within the individual formations, there is insufficient 
evidence to deduce more than one provenance because: the data points do not fall 
into discrete regions, they moreso fall into a single region spanning more than one 
field; Henry & Giudotti's fields are unlikely to 'fit' the data satisfactorily due to the 
spread of compositions within one grain due to zoning described above; zoning is 
capable of explaining at least part of the spread as shown in Figs. lOa & b. In 
addition, the work of Rai (1993) shows that the fields of Henry & Guidotti are not 
exclusive when applied to tourrnalines derived from the Himalaya (see below) 
Regarding variation between formations, it is possible that the Kasauli 
Formation, which appears to have a higher proportion of tourmalines falling into 
field 2 on both of the triangular plots, could be sampling a granitoid source (e.g. 
early leucogranites), compared to the metapelite source of the older formations. 
However, bearing in mind the high proportion of metapelite lithic fragments in the 
Kasauli Formation, the occurrence of a tourmaline found in situ in a metapelite 
fragment in a Kasauli Formation thin section, and the limited abundance of 
granitoids compared to metapelites in the High Himalaya, a solely granitoids 
provenance is unlikely. 
In conclusion, overall, a metapelite source can be considered the dominant 
provenance for the tourmalines analysed. If we are to consider that two source types 
may have contributed the tourmalines, it would be possible that in the Subathu and 
Dagshai Formations, the source was dominantly metapelitic, with a very small input 
from granitoids. By Kasauli Formation times, the contribution from granitoids had 
increased. 
h) compared to the work of Rai & LeFort (1993) 
Rai (1993) and Rai & Le Fort (1993) analysed tourmalines from many different 
Himalayan rock types found in Central Nepal. The rock types spanned the Lesser 
Himalaya, High Himalaya and Tethyan sedimentary series. It also included granites 
intruded through these sediments and metamorphic rocks. 
From their work it can be seen that tourmalines derived from granites, in 
general plot only to the Fe side of the Schorlite-Dravite line which is broadly in 
agreement with Henry & Guidotti. However, tourmalines not derived from granites 
are not confined to the fields assigned by Henry & Guidotti (Fig. 1Of They can be 
found in the same region as the granites as well as in their prescribed fields, i.e. they 
overlap heavily into Henry & Guidotti's granite field. This strengthens the argument 
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source which happens to overlap the field lines. Tourmalines to the Mg side of the 
Schorlite-Dravite line are clearly not granite derived, but those plotting on the Fe 
side, in the 'granite' field, could equally well be derived from a non-granite source. 
Unfortunately, tourmalines from the Tethyan sedimentary series, the High 
Himalaya and the Lesser Himalaya are not sufficiently distinctive from each other to 
enable provenance determination (see Fig. 27, Rai (1993)). Rai & LeFort (1993) 
have shown that the Lesser Himalayan tourmalines show a good correlation with the 
degree of metamorphism (Fig. lOg). If the tourmalines from the foreland basin 
sediments are derived from the Lesser Himalaya, then it can be seen that they fall 
mainly into the areas characteristic of the chlorite and biotite zone. However, on the 
basis of tourmalines alone, it is not possible to infer this. 
10.3.3 Garnets as a provenance indicator 
10.3.3.1 Theory 
Garnets are especially characteristic of metamorphic rocks as well as being found in 
some granites and pegmatites and acid volcanic rocks. Being fairly resistant to 
abrasion and chemical attack, garnets are often found in detrital sediments (Deer et 
al. 1966). 
Two attributes of garnets are useful as provenance indicators; 1). garnet 
composition and 2) garnet zoning profiles. The theory of these two attributes with 
respect to provenance will discussed in turn. 
Deer et al. (1966) gave an account of the differences in chemical 
composition of garnets found in different settings: 
Pyrope (MgAl garnet) often occurs in ultrabasic rocks e.g. mica peridotites, 
kimberlites, serpentinites as well as eclogites. 
Almandine (FeAl garnet) is a typical garnet, of the garnetifierous schists which result 
from the regional metamorphism of argillaceous sediments. It also occurs in some 
thermal metamorphic aureoles and, in plutonic igneous rocks, almandine can result 
from contamination of granitic material by argillaceous impurities. 
Spessartine (MnAl garnet) is the most common garnet in granitic pegmatites where 
it is often a spessartine-almandine garnet. The spessartine molecule is often present 
in significant amounts in almandine from igneous and metamorphic rocks, 
especially those of thermal aureoles. 
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Grossular (CaAI garnet) is especially characteristic of both thermally and regionally 
metamorphosed impure calcareous rocks as well as being found in rocks that have 
undergone calcium metasomatism. 
Andradite (CaFeTi garnet) typically occurs in contact or thermally metamorphosed 
impure calcareous sediments and particularly in the metasomatic skarns associated 
with such rocks. 
Uvavorite (CaCr garnet) and hydrogrossular are both relatively rare. 
Spear (1993) provided a summary of garnet zoning profiles and how they 
relate to the metamorphic grade of the parent rock. There are two types of zoning, 
growth zoning and diffusion zoning. Diffusion is a thermally activated process that 
becomes exponentially more rapid with increasing temperature. Therefore, 
diffusion is most important in high-grade rocks and is of lesser importance in low-
grade rocks (Tracy et al. 1976; Woodsworth 1977; Yardley 1977; Anderson & 
Olimpio 1977). Typically, garnets from high-grade terrains e.g. granulite facies, will 
show a lack of significant zoning in the interior of the crystal because at very high 
temperatures the mineral will be homogenous. Diffusion zoning at the rims 
modifies the composition and profile. A typical flat, diffusion zoned garnet from a 
high grade terrain is shown in Fig. lOh (after Yardley 1977). It should be noted that 
for small garnets, diffusion may penetrate to the core. At lower grades e.g. 
greenschist and amphibolite facies, diffusion is slower. At these temperatures, the 
growth zoning profile is dominant. Fig. lOi shows a typical bell shaped, growth 
zoned garnet profile from low-grade terrain. 
In summary, there is a progression from a strongly zoned to a flat profile 
with increasing metamorphic grade due to diffusion. Steep, concentric zoning is 
most likely growth zoning. 
10.3.3.2 Characteristics of garnets from the Kasauli Formation 
Garnets are not found in the Dagshai Formation, they make their first appearance in 
the Kasauli Formation. When analysing and interpreting these detrital garnets it 
must be remembered that the majority of the garnets are broken fragments and not 
whole crystals. 
Chemical composition: 
All the garnets analysed using the electron probe are almandine, with the Fe mol. 
percent ranging from c. 50->80%. The majority of the garnets contained Fe of 
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Fig. lOh: A typical flat diffusion zoned garnet of high metamorphic grade (upper 
sillimanite zone) (Yardley 1977). Scale as for Fig. IOi below. 
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Fig lOi: 	A typical bell-shaped growth zoning profile of garnet from low 
metamorphic grade (Staurolite zone) (Yardley 1977) 
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between 70-80 mol.%. Some of the almandines were also spessartine (Mn) rich, 
with Mn reaching up to c.30 mol. % in one case. Pyrope (Mg) and grossular (Ca) 
are always less than 20 mol.% and often less than 10 mol. %. Representative 
analyses are given in table 3 of appendix D and Figs. 10j(i) and lOj(ii) show the 
Kasauli Formation garnet compositions (in mol.%) plotted on Ca-Fe-Mg and Mn-
Fe-Mg triangular diagrams. 
The chemical composition of the garnets (almandine) suggests that the 
source was likely to have been garnetifierous schists which resulted from regional 
metamorphism of argillaceous sediments. Almandine also occurs in some thermal 
metamorphic aureoles and, in plutonic igneous rocks almandine can result from 
contamination of granitic material by argillaceous impurities. 
Zoning profiles: 
When describing and interpreting these detrital garnet compositional profiles, it is 
particularly important to remember that in a number of cases it will only have been 
fragments that were analysed and therefore a complete rim-core-rim trajectory will 
not have been achieved. It should also be remembered that, even in complete 
garnets, the cut of the section may result in a flat compositional profile even when 
the garnet is actually zoned. 
Twenty garnets / garnet fragments from three Kasauli Formation samples 
were analysed. Seven garnets are clearly zoned. All the zoning profiles show Fe 
substituting for Mn and / or Ca. Mg is never involved in zoning. The Fe shows an 
inverse bell shape, the Mn and Ca profiles are bell shaped. Two profiles are shown 
in fig. 10k which illustrate the affinities to growth zoning compared to diffusion 
zoning i.e. there is strong zoning in the core rather than a flattish core with 
compositional variations at the rim. 
The remaining 13 garnets / garnet fragments do not show zoning. This could 
be because they are unzoned or because, as mentioned previously, a true rim-core-
rim profile was not analysed due to the cut of the section or the fragmental nature of 
the garnets. Although a definitivi answer to this question is not possible, the 
solution is not as ambiguous as first appears. 
Firstly, many of the garnets are clearly fragmental in shape and in terms of 
their incomplete compositional profiles (e.g. Fig. 101, transect 2). The two transects 
from one garnet shown in Fig. 101 show how, in a fragment, it is possible to miss 
zoning (transect I) in a garnet that is clearly zoned (transect 2). Secondly, all but 
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Fig. 10k: traverses across two Kasauli Formation detrital garnets. 
(white diamonds = Fe, white circles = Mn. shaded triangles = Ca, black squares = Mg). 
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Fig. 101: Two transects (approximately at ninety degrees to each other) across a 
Kasauli Formation detrital garnet fragment. In transect 2, the right hand side of the 
profile appears to be missing, confirming the fragmental nature of the grains. 
Comparison of transect I and 2 shows the ease with which it is possible to miss' 
zoning, e.g. due to the cut of the section. 
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three of the unzoned profiles have absolute compositions that are similar to that of 
the zoned garnets and relative Fe, Mg, Mn and Ca proportions that can be found at 
some point along the zoned garnet profiles. Fig. lOm shows two examples of 
unzoned garnet profiles that are comparable with various parts of the zoned garnet 
profiles. Thirdly, plotting of the garnets on Ca-Mg-Fe and Mn-Fe-Mg triangular 
diagrams shows a close correlation between zoned and possibly unzoned garnets. 
Fig. lOj shows plots of the zoned detrital garnets whilst Fig. iOn shows plots of each 
individual 'unzoned' garnet, with data from the zoned garnets plotted on for 
comparative purposes. It can be seen that the 'unzoned garnet compositional fields 
compare well with the zoned garnets compositional fields, although there is a slight 
displacement of 'unzoned' garnets towards Mg. In addition, the unzoned garnets 
together form a similar trend to that of the individual zoned garnets, and some of the 
individual 'unzoned' garnets do have some slight zoning which is of the same trend 
as that of the zoned garnets. Finally, on comparison with garnets from the various 
possible source areas of the Himalaya, it can be seen that the most likely source area 
for the possibly unzoned garnets is the same as that of the zoned garnets (see 
following section). It is therefore most likely that the analysed fragments which do 
not appear to show zoning are from a similar population to the zoned garnets or are, 
in fact, parts of larger garnets of the same population as the zoned garnets. However 
the general trend of the slight but significant Mg enrichment of the 'unzoned garnets 
should be borne in mind. 
In view of the above discussion, it can be concluded that the garnets from the 
Kasauli Formation are dominantly growth zoned and therefore probably derived 
from a low (greenschist or amphibolite) grade source rather than a high (granulite) 
grade source. 
10.3.3.3 Comparison of the Kasauli Formation garnets with those from the High 
Himalaya and MCT Zone 
Arita (1983), Arita & Schelling (unpublished manuscript), George (1993), Kaneko 
(1991), Metcalfe (1990), Searle (1986), Staubli (1989) have all described garnets of 
the High Himalaya and the Main Central Thrust Zone. A general trend becomes 
apparent, as described by Metcalfe (1990) and Staubli (1989). Both these workers 
divide the MCTZ and High Himalaya into four domains increasing in metamorphic 
grade, the first domain being the MCTZ or Munsiari Formation, the second Domain 
being the Lower High Himalaya, adjacent to the MCT, the third domain is the 
Central High Himalaya and the fourth domain is the Upper High Himalaya. Fig. 
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Fig. lOm: profiles from, fragments of Kasauli Formation garnets, which can both be 
assigned to regions of the zoned type of garnets shown in fig. 10k. Garnet B could 
have been part of a larger version of garnet D in fig. 10k, originating from the rim of a 
garnet D type grain, garnet G could also be a fragment of a larger version of the garnet 
D shown in fig. 10k, but derived from closer to the core 
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Fig. iOn: Ca-Fe-Mg (i) and Mn-Fe-Mg (ii) triangular diagrams 
of Kasauli Formation garnets comparing garnets which appear 
unzoned with those which show clear growth zoning. Sets of 
analyses for individual garnets which appear unzoned on 
compositional profiles are shown by individual symbol sets. All 
analyses from garnets which appear zoned on compositional 
profiles are shown by black crosses. Triangular plots were 




lOo shows the garnet zoning profiles for each of the domains (Staubli 1989) and Fig. 
lOp(i) (Metcalfe 1990) & lOp(ii) (Staubli 1989) shows the garnets from the different 
domains plotted on triangular diagrams. 
Comparison of these plots with the Kasauli Formation garnet plots, (Figs. 
I Oj & 10k) shows that both zoned and 'unzoned' detrital garnets are most like the 
garnets of the MCTZ and unlike the High Himalayan garnets. Especially significant 
is the comparison of triangular diagrams between source domains 1-4 and the 
Kasauli Formation plots. It can be clearly seen that all the Kasauli Formation 
garnets compare best with Domain I of Metcalfe and Staubli both in terms of the 
compositional fields and zoning trend directions. Although it would be an over 
interpretation to state that the Kasauli Formation garnets are from the MCTZ, since 
many other garnets from other low temperature regimes could show this pattern, it 
can be interpreted that the Kasauli Formation garnets are unlikely to have come 
from the High Himalaya. 
10.3.4 The QFL diagram as a provenance indicator 
Dickinson & Suczek (1979) used the triangular quartz-feldspar-lithics diagram to 
show that detrital framework modes of sandstone suites from different kinds of 
basins are a function of provenance types governed by plate tectonics. They defined 
various fields on the diagram relating to difference provenances. Their fields are 
shown in Fig. lOq, with data from the Subathu, Dagshai and Kasauli Formations 
superimposed. Three fields are shown: the recycled orogenic provenance, the 
continental block provenance and the magmatic arc provenance. The magmatic arc 
provenance will not be discussed here since none of the data points fall into this 
field. 
Dickinson & Suczek described the continental block provenance as a 
sediment source consisting of shields and platforms or locally uplifted faulted 
basement blocks. Sands derived from the former areas i.e. cratonic shields and 
platforms are characterised by a high quartz content with only minor feldspar. This 
reflects intense weathering on cratons with low relief and prolonged transport across 
continental surfaces with low gradients. These sediments often accumulate on 
platforms, or ocean shelves, slopes or rises. In contrast, the uplifted basement 
provenance gives rise to sediments that are quartzo-feldspathic, often of typical 
arkosic character. High relief, rapid erosion and little transport characterise this 
setting. 
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Fig. lOo: Garnet zoning profiles (in wt.%) for (a) Domain 1, the MCTZ or Munsiari 
Formation, (b) Domain 2, the lower part of the High Himalaya, (c) Domain 3, the 
central part of the High Himalaya and (d) Domain 4, the upper part of the High 
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Fig. lOp(i): Triangular diagrams (in mol.%) showing garnet zoning patterns in each 
of the domains (increasing in metamorphic grade): DoMAIN 1: the MCTZ or 
Munsiari Formation, DOMAIN 2: the lower part of the High Himalaya, DoMAIN 3: the 
central part of the High Himalaya and DOMAIN 4: the upper part of the High 
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Fig. lOp(ii): Triangular diagrams (in wt.%) showing the different zoning patterns 
of garnets with increasing metamorphic grade (a - c). The trends shown represent 
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Fig. lOq: Quartz-feldspar-lithics triangular diagram, showing the provenance 
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Formation data plotted. Triangular plot was constructed from molecular 
proportion data. 
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The recycled orogenic provenance regions are deformed and uplifted stratal 
sequences in subduction zones, along collision orogens or within foreland thrust 
belts. Recycled provenance sediments of subduction zone type are characterised by 
the occurrence of oceanic e.g. ophiolitic and chert material in their composition. 
Sands of collision orogen provenance are typified by intermediate quartz contents, a 
high quartz to feldspar ratio and an abundance of sedimentary-metasedimentary 
lithic fragments. The source for these sediments is largely sedimentary and meta-
sedimentary nappes and thrust sheets that represent sequences near the preceding 
continental margins prior to suturing. Subordinate sources include ophiolitic 
melange along the suture belt and plutonic terranes of magmatic arcs involved in the 
continental collision. Finally, sediments from the foreland uplift provenance can be 
characterised by compositions of moderately high quartz content and strikingly low 
feldspar content. Some sandstones in foreland suites contain recycled detrital 
carbonate grains eroded from exposed limestone and dolostone units. Foreland 
uplift provenance differs from collision orogen provenance in that the fold-thrust 
uplands generally shield the basins from sediment sources in the magmatic arcs or 
along the suture belts. Consequently, sandstones are typically recycled from 
sedimentary successions within the fold-thrust belt. 
Fig. lOq shows two things: Firstly the proportion of lithic fragments 
increases from the Subathu Formation, through the Dagshai Formation to the 
Kasauli Formation (the implications of this will be discussed in section 11 .3.2). 
Secondly the data points from the Dagshai and Kasauli formations fall into the 
foreland uplift recycled provenances field, whilst the Subathu Formation data 
straddle the craton interior continental block and foreland uplift recycled provenance 
fields. 
10.3.5 Jilite crystallinity as a provenance indicator 
As described in section 9. 1, illite crystallinity measurements were carried out on the 
<2p.m (authigenic) fraction of the sediments in order to work out the degree of post-
depositional alteration and metamorphism. In addition to this work, illite 
crystallinity measurements were undertaken on the whole-rock samples, the results 
of which are displayed in Fig. lOr. In this diagram it can be seen that the Hb 1 
measurements have been divided into different metamorphic zones. The limits of 
the zeolite or diagenetic facies (i.e Hbmi  >278) has been defined by Kubler (1967). 
whilst the prehnite-pumpellyite facies or anchizone has been defined by Schiffman 
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the lower greenschist facies or epizone is found. The diagenetic zone corresponds to 
temperatures of less than 200°C, 200-370°C represents the anchizone, whilst 
epizone begins at above 370°C. Fig. lOr(i) shows values for the Subathu Formation, 
although it must be stressed that these samples may be unrepresentative as the 
majority of Subathu samples contained insufficient proportions of illite in the whole 
rock to measure. The Subathu Formation samples, although too small a sample set 
to give clear results, show that values are found in all three metamorphic facies. The 
Dagshai Formation lithologies span the anchizone to lower greenschist facies zones 
(Fig. lOr(ii)), whilst the majority of the Kasauli Formation lithologies lie in the 
lower greenschist facies zone (Fig. lOr(iii)). From these results, two things can be 
deduced; first that a significant number of samples fall in the lower greenschist 
facies zone which shows that greenschist facies rocks were an important source of 
material throughout the Dagshai and Kasauli Formations period. Secondly, there is 
an increase in metamorphic grade of the detrital material from Subathu Formation to 
Kasauli Formation implying that low grade metamorphic rocks became increasingly 
important through time. 
10.3.6 X-Ray Fluorescence analysis as a provenance indicator 
10.3.6.1 Theoretical background 
In recent years, attempts have been made to use major and trace elements in clastic 
sediments to deduce the provenance of the sediments (Bhatia 1983; Bhatia 1985; 
Bhatia & Crook 1986; Bhatia & Taylor 1981; Floyd & Leveridge 1987; Floyd et al. 
1991; Kroonenberg (unpublished manuscript); Maynard et al. 1982; McCann 1991; 
Roser & Korsch 1986). The theory behind the argument relies on the fact that 
different tectonic settings are characterised by different rock types, these rock being 
distinguishable by their characteristic elements. 
Bhatia (1983), Bhatia & Crook (1983) and Roser & Korsch (1986) divided 
continental margins and ocean basins in a tectonic framework, and classified them 
into four types; oceanic island arc, continental island arc, continental active margin 
and passive margin. Oceanic island arcs relate to convergent settings, and the 
associated sedimentary basins are fore-arc or back-arc basins adjacent to the arc or 
formed on thin continental crust. The sediments are mainly derived from the calc-
alkaline or tholeiitic arc. Continental island arc settings, also convergent in 
character, contain sedimentary basins, adjacent to the arc, but formed on a well 
developed continental crust or thin continental margins. The sediments, derived 
from the arc, take on a felsic arc signature. The active continental margin setting 
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includes sedimentary basins of the Andean type on thick continental margins, and 
strike-slip types. These basins are developed on or adjacent to a thick continental 
crust composed of rocks of older fold belts. Sediments are dominantly derived from 
granite-gneisses and siliceous volcanics of the uplifted basement. Passive margins 
comprise rifted continental margins of Atlantic type developed along the edges of 
the continents, remnant ocean basins adjacent to collision orogens and inactive or 
extinct convergent margins. 'Trailing edge' basins e.g. the Bengal Fan are included 
in this category by some workers, but assigned to the active continental margin 
(along with the Sub-Himalaya) by other workers. Sediments in these basins are 
generally highly mature and derived by the recycling of older sedimentary and 
metamorphic rocks of platforms or recycled and collision orogens. 
On the basis that these four tectonic environments are characterised by the 
rock types described above, the authors defined major- and trace-element 
characteristics of the derived sediments, in keeping with the geochemical signatures 
expected for the sources. Hence, sediments derived from oceanic arcs will display a 
basic igneous geochemical signature i.e. high Fe, Ti, Mg, Na and Ca, and low K and 
Si. Sediments derived from continental island arcs should display geochemical 
signatures similar to continental calc-alkaline rocks, dacite and granodiorite i.e. 
lower Ti, Mg, Ca and Na compared to oceanic island arc rocks. Active continental 
margin sediments should have a bulk composition equivalent to the crystalline 
basement of the upper continental crust and a signature heavily influenced by 
granite-gneisses. This will be reflected in the higher Si and K values and the 
depletion of Fe, Mg, Ca and Na. During recycling, Si and K become enriched and 
Na and Ca are depleted relative to the granite signature. This is characteristic of the 
Passive margin setting, which should have a bulk composition similar to the 
sedimentary cover of the Russian and N. American platforms. In terms of trace 
element characteristics, there is an increase in total abundance of REE, LREEJHREE 
(i.e increased La, Ce, Pr, Nd, Sm), LILE (Rb, Ba, K, Th, Sr, La and Ce) Hf, U, Nb, 
Zr and Pb from oceanic island arc settings, through continental island arc and active 
continental margin settings to passive margin settings, and a decrease in V, Sc, Cu, 
Co, Cr, Ni, Ti and Zn. 
Although this approach has been shown to work (e.g. Bhatia 1983; Roser & 
Korsch 1986), there are other cases where the sediments have not matched with the 
expected source'(e.g. Floyd et al 1991; McCann 1991). This could be due to a 
variety of reasons, outlined below, and care must be taken when using the 
discriminant plots that these other variables have been adequately accounted for. 
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The effect of grain-size on geochemical signatures of clastic rocks: 
A number of case studies have been carried out whereby shales and sandstones are 
compared in the degree to which they record the geochemical signature of the source 
rock. It is generally felt that finer-grained material is more homogenous and better 
mixed, less subject to variations due to heavy mineral abundances, samples a wider 
source area than its coarser-grained equivalent, is more sensitive to provenance 
signatures than sandstones and records the original source signature more accurately 
(Cullers et al. 1987, 1988; Wronkiewicz & Condie 1987). 
With regard to major-element distribution, K increases from sandstones to 
mudstones and Na and Ca decreases. This reflects the decrease in quartz, feldspar 
and lithics fragments and the increase in matrix and phyllosilicates. Trace-element 
characteristics are governed by the degree to which they can be adsorbed onto clay 
minerals and whether they remain tied in accessory minerals e.g. Cullers et al. 
(1987, 1988). For example, Rb, Cr, Th, Ni and Al concentrations are higher in 
shales than sandstones as adsorption increases with more phyllosilicates. In 
contrast, elements that are often associated with heavy minerals, for example Zr and 
Hf in zircon, will be found in higher concentrations in sandstones where these 
minerals have been concentrated. In the example given by Cullers et al. (1987) for 
the soil and stream sediments of the Wet Mountains, Colorado, it was found that 
clays had similar or enriched REE concentrations relative to the source; silts were 
similar with an increase in HREE due to the presence of zircon, whilst sands had 
variable REE concentrations due to variations in the accessory mineral content. 
Two further factors which contribute to the effect that grain size has on the 
geochemical signature is the nature of the original source rock and the climate. 
Kroonenberg (unpublished manuscript 1992) found that the effect of sorting due to 
shape, density and size was dependent on the original source area. Areas with 
mixed lithologies suffered more from the effects of sorting than those areas where 
the single lithology was essentially monomineralic. Climate also affects the degree 
of fractionation into shales, as will be discussed in the subsequent section. 
The effect of climate on the geochemical signature of clastic rocks: 
The type of climate that a rock is subjected to makes a great difference to its degree 
of alteration. A tropical climate with high rainfall, coupled with slow erosion rates 
due to low relief will suffer the highest degree of chemical weathering, whilst a 
semi-arid climate, especially when coupled with rapid uplift, may cause no 
alteration or fractionation of elements (Balashov et al. 1964; Cullers et al. 1987; 
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1988; Kroonenberg (unpublished manuscript 1992), Potter 1978; Wronkiewicz & 
Condie 1987). A glaciated environment may also result in anomalies since a higher 
proportion of rock fragments than expected may be found (Potter 1978) 
Kroonenberg (unpublished manuscript 1992) has shown that under extreme 
tropical conditions, fluvial sediments may suffer loss of so much of their less stable 
constituents that the sediment may be transformed into a quartz-arenite in less than 
50,000 years. However, under less extreme tropical conditions, alteration may 
occur. This typically takes the form of fractionation of REEs and depletion of small 
ionic radii elements e.g. Na, Ca and Sr by leaching, the large ionic radii elements 
e.g. Cs, Rb and Ba being fixed due to preferential adsorption onto clays (Cullers et 
al. 1987; Wronkiewicz & Condie 1987). Under temperate and semi-arid conditions, 
the effect of climate is much less severe, with for example, REEs and Th being 
stable (Bhatia & Taylor 1981). Fe and Ti may be enriched, Mg may be depleted. 
The effect of dia genesis and metamorphism on the geochemical signature of clastic 
rocks: 
Work on the mobility of various elements during diagenesis and metamorphism has 
been patchy. In the trace element field, there is a general consensus that whilst LIL 
elements are subject to mobilisation, REE and HFSE are immobile. Work by Bhatia 
(1985) and Wronkiewicz & Condie (1987) has shown that diagenesis and low grade 
metamorphism (green sch i st-amph ibol ite grade) does little to affect the concentration 
of REEs and HFSEs in shale. Wronkiewicz & Condié (1987) also concluded that 
major-element changes in shales during diagenesis and metamorphism were 
minimal, but this has been disputed by other workers. Haughton (1988) has shown 
that Si loss accompanies weak pressure solution cleavage in greywackes, whilst 
Roser & Korsch (1986) stated that the mobilities of Na and K are suspect under 
diagenetic or metamorphic conditions although their own study, which spans 
different metamorphic grades, suggested that the K 20INa2O ratios have been greatly 
disturbed by post-depositional processes. 
Many of the studies were undertaken using marine greywackes and 
obviously interaction with sea water is likely. However, residence times of the 
various elements in seawater was taken into account when the results were 
interpreted (e.g. Bhatia 1983). In addition, Kroonenberg (unpublished manuscript 
1992) showed that there were no radical differences in element fractionation patterns 
in fluvial and marine sediments. Potter (1987) also noted that in his studies of big 
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rivers, quartz content was higher in the lower reaches compared to the mid and 
upper reaches. 
10.3.6.2 XRF analyses and interpretations of the ear/v Tertiary Himalayan 
sediments. 
The above complexities were borne in mind when the XRF analyses (Appendix E) 
were interpreted. In order to reduce the risk of erroneous interpretation due to 
influence of the above factors, the following points should be considered. 
plots using the more immobile elements (REE's, e.g. La, Ce, Nd, Sm, HFSE's 
e.g. Nb, Nd, Zr, Ti, Y, plus Th, Fe, P and Sc ) were used as far as possible, and 
where discrepancies in interpretation occur, these plots were considered more 
reliable. 
• the climate, at least for the Dagshai Formation, is favourable in that semi-arid 
conditions cause the least alteration. The inferred reasonably rapid uplift 
throughout this period will also lessen the effects of chemical weathering. 
• both mudstones and sandstones were analysed, and where grain-size was 
suspected to cause variations, the two were compared. 
• disregarding the Subathu Formation, the Dagshai and the Kasauli Formations are 
fluvial facies and therefore the influence of interaction with sea-water is not 
applicable. 
In addition, although the use of geochemical signatures as a provenance 
indicator is hardly clear cut, I believe that for my purposes the technique is reliable. 
Most of the problems with this technique appear to stem from misclassification into 
the wrong tectonic setting, probably I feel, because the relationship between certain 
rock types and tectonic setting has been oversimplified. This could lead to over 
interpretation. However, the actual correlation between clastic rock geochemical 
signatures and source rock is more solid. It is this relationship that this project 
investigates, in order to further constrain the type of source rock. 
The plots of Bhatia (1983), Crook (1974) and Roser & Korsch (1986) were 
used for sandstone major elements; Bhatia & Crook (1986) for sandstone trace 
elements and Roser & Korsch (1976) for mudstone major elements. In all cases, 
their provenance fields were plotted for reference. No previous studies were 
suitable for comparison with mudstone trace-element data. However, the mudstone 
trace and major element data were plotted on graphs, using the same parameters as 
were used for the sandstone plots, in order that geochemical variation due to grain-
size differences could be monitored. 
257 
Fig. lOs shows major-element sandstone plots; Fig. lOt shows major element 
mudstone plots and Fig. IOu shows trace-element sandstone plots, all with the 
provenance fields marked in. Fig. JOy shows the equivalent plots for mudstone 
major and trace elements, except where already shown in Fig. lOt. 
As can be seen from Figs. lOs, lOt, and lOu, four of the plots show that the 
samples plot in the passive margin field, whilst the data shown in Fig. lOs(iii) plots 
in the active margin field and Fig. lOs(iv) is ambiguous. Two items of interest can 
be noted from these data. Firstly, the data show that neither continental island arc 
material nor oceanic island arc material was a dominant source. This is of 
importance when one considers previous workers interpretations regarding possible 
provenances from the suture zone, Trans-Himalayan batholith and ophiolite belt. 
Secondly, although it is not possible to state categorically whether the majority of 
the plots or the minority of the plots has classified the rocks correctly, a reasonable 
conclusion can be reached after consideration of the following: 
I) the majority of the plots show a passive margin field. 
Fig. I 0u shows a plot where three out ot four of the elements used are classified 
as immobile. This is therefore the most reliable plot. Although chrome is not 
considered immobile, there is good reason to believe that the chrome content is not 
heavily altered. Cr (and Ni) are thought to increase in passive margin settings due to 
enrichment and adsorption of these elements with the increase in phyllosilicate 
content (McCann 1991) (hence the reason why thepassive margin field of Bhatia & 
Crook 1986, has been placed towards the higher Cr values, to take account of this). 
In addition, in this study, comparison with the equivalent mudstone rocks (Fig. 
lOv(i)) which have a higher percentage of phyllosilicates and therefore should have 
a higher percentage of Cr if significant enrichment has occurred, shows that the 
mudstones plot in a more or less identical field. This also serves to show that this 
plot is insensitive to grain-size variation. 
the other three 'passive margin' plots use major elements which are more suspect 
to mobility although Roser & Korsch (1986) noted that in their study, the K 2OINa7O 
ratio was not badly affected by alteration. Comparison of Figs. IOs(i) and lOt shows 
that grain-size is not a major influence on chemistry, as expected the K,OINa 2O of 
mudstones is slightly higher than sandstones reflecting the increased phyllosilicate 
content, and the Si is slightly lower. However, both graphs show that the samples 
plot in the passive margin field. Fig. lOs(ii) can be compared with the equivalent 
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graph for mudstones (Fig. lOv(ii)). It can again be seen that there is very little 
variation between the two grain-sizes, mudstones showing a slightly higher K value. 
Overall, although K increases with weathering, whilst Na decreases, and 
therefore if the samples were weathered or derived from a weathered source this 
would account for the passive margin' signature, I think this is unlikely. Extreme 
weathering of the source requires a tropical climate where high rainfall aids intense 
tropical weathering. Slow erosion and uplift rates are also necessary. Since the 
climate was semi-arid in Dagshai Formation times and uplift rates were increasing 
by Kasauli Formation times, extreme weathering of the source rock is unlikely. 
Post-depositional weathering of the detrital rock has not affected the K and Na 
contents. Sandstone specimens were taken from large hand samples and the 
weathered exterior removed. This was not possible with friable mudstones, but the 
limited chemical variation suggests that the K and Na values of mudstones were 
largely unaffected by weathering. 
4) The active margin and ambiguous plots (Figs. lOs(iii) & (iv)) show quite a large 
scatter of data points which do not closely correspond toany of the defined fields. 
Comparing these graphs with equivalent plots using mudstones (Figs. lOv(iii) & 
(iv)) we can see that there is a tremendous difference in chemistry. From this it can 
be deduced that these two plots are extremely sensitive to grain-size variation. The 
reasons for this are unclear. Both Ti and Fe are enriched by weathering, and it is 
likely that the mudstone samples would show the effects of weathering more than 
sandstones, since it is more difficult to obtain a fresh sample. Al is also known to 
occur in higher concentrations in mudstones compared to sandstones due to the 
increased adsorption onto phyllosilicates. Ti, however, is considered relatively 
immobile, but can often be bound up in accessory minerals which may reside 
preferentially in one grain size. 
In conclusion, the 'active margin' plots are less reliable as they are clearly 
more sensitive to variations in grain-size, implying that they are also more sensitive 
to variations in other parameters. 
From the XRF results we may, therefore, come to two conclusions; firstly, 
that arc material was not prominent as a source area throughout Dagshai and Kasauli 
Formation time (the number of Subathu Formation samples analysed was limited by 
the formations lack of detrital material), and secondly that the source was most 
probably the type of rocks which can be ascribed to a passive margin setting. 
Passive margin settings, as described by Bhatia (1983) and Bhatia & Crook (1986) 
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are tectonic settings comprising (i) rifted continental margins of Atlantic-type 
developed along the edges of continents, (ii) sedimentary basins on trailing 
continental margins supplied from collision orogens (e.g. Bay of Bengal) and (iii) 
inactive or extinct convergent plate boundaries. The source rocks for sediments 
derived from passive margin settings are older sedimentary and metamorphic rocks 
of platforms or recycled orogens. 
10.3.7 Chrome-spinels as provenance indicators. 
10.3.7.1 Previous work: 
Bick & Bullen (1984) divided ophiolites (alpine peridotites) into three types based 
on their Cr-spinel composition. Type I ophiolites contained spinels with a Cr# 
(Cr/(Cr + Al)) of less than 0.6. These ophiolites were originally from a mid ocean 
ridge setting. Type ifi ophiolites contained spinels with a Cr# of more than 0.6. 
These ophiolites were originally from a sub-volcanic arc. Type II ophiolites contain 
spinels which span the entire compositional range described above, and these 
ophiolites are considered to have originated in a composite setting, e.g. the 
formation of an island arc on oceanic crust. 
Bossart & Ottiger (1989) analysed six Cr-spinels from the Murree Formation 
of Pakistan and divided them into two groups corresponding to Type I (Mid Ocean 
Ridge) and Type ifi (arc) peridotites. They considered the Kohistan Island Arc, the 
Dras Arc Complex and the Spontang Ophiolite as likely sources. 
Critelli & Garzanti (1994) analysed fifteen crome-spinels from the Chulung-
La Formation, a continental formation of equivalent age to the Murree Formation, 
found in the Tethys Himalaya. They reported two types of spinel, distinguishable by 
colour, a red coloured Cr-Spinel and a yellow coloured Al rich spinel. Their 
microprobe analyses show that the spinels are more of a continuous sequence with 
no easily distinguishable discrete areas. Fig. lOw shows the composition of the 
Chulung-La spinels. The Cr# of the spinels indicates Type II ophiolites. The fields 
of the Murree Formation spinels, marked on the plot, fall into the same domain as 
the Chulung La Formation. I think it is likely that the two groups of the Murree 
Formation are an artefact of sampling, especially in view of the small sample size 
(six grains). The Murree Formation spinels probably show the same continuous 
trend as the Chulung La Formation spinels. Critelli & Garzanti (1994) considered 
likely sources to be the Spontang Ophiolite, the Trans-Himalayan Subduction 
complex, or the calc-alkaline suite of the Trans-Himalayan arc. 
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Fig. lOw: Chemistry of spinel grains from the Chulung La sandstones (squares) 
with the fields of the spinels from the Murree Formation (analysed by Bossart & 
Ottiger 1989) drawn in (Critelli & Garzariti 1994) 
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Arif & Jan (1993) analysed chromite from Mingora ophiolite melange which 
lies along the Main Mantle Thrust between the Kohistan island arc and the Indo-
Pakistan plate, in Pakistan. They noted two types of chromite, disseminated 
accessory grains and massive bodies of segregated chromite. They discovered that 
the chemical composition of the chromite varied considerably from sample to 
sample, from grain to grain within a sample, and from core to margin within a grain. 
In general, the segregated chromites are richer in Cr and Mg, but poorer in Fe, Al 
and Mn than the accessory chromite (see Fig. lOx). Accessory chromite possesses 
greater between grain and within grain variation than the segregated chromite. 
Prograde metamorphism is considered to be the cause of the zonation within the 
grains. The authors suggested that the Cr# indicated a transitional origin for the 
source rocks, between arc and oceanic setting (i.e. type II ophiolite). 
10.3.7.2 Cr-spinels analysed for this study 
As described in section 10.3.1, Cr-spinels are mainly found in the Subathu 
Formation. Two types were noted using the microscope, a yellow coloured variety 
and a red-brown variety. Microprobe analyses (Fig. I Oy) show that these spinels are 
most likely a continuous sequence and no discrete regions can be differentiated. 
Spinels from the Subathu Formation match with spinels from the Chulung-La 
Formation and the Murree Formation, and are similar to the accessory chromites of 
Arif and Jan (1993). Comparison with the work of Dick & Bullen (1984) shows that 
they span the critical Cr# of 0.6 and are therefore possibly from Type II ophiolites. 
There is a slight bias in the data towards the Type I ophiolite, but this cannot be 
resolved with the small data set provided. However, this is largely immaterial as 
different types of ophiolite are capable of producing all the spinels described and 
there is probably a mix of ultramafic rocks in the suture zone. The clearest and most 
useful conclusion that can be drawn from the data, is that the spinels are more or 
less identical with the Chulung La spinels which have been shown by Critelli and 
Garzanti (1994), using a variety of techniques, to have come from the suture zone. 
It is therefore probable that during Subathu Formation times, the suture zone was a 
source of detritus, but by Dagshai Formation times, when spinel is extremely rare, 
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Fig. lOx: plot of spinel analyses from the Mingora ophiolite 
melange, Pakistan (data from Arif & Jan 1993). Triangles = 
segregated chromite, diamonds= accessory chromite. Cr# and 
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10.3.8 White micas as provenance indicators: 40Ar- 39Ar dating of the micas and 
their chemical composition 
40Ar/39Ar dating was carried out on individual white micas, separated from the early 
Tertiary sediments, in order to determine the time at which they last cooled through 
their closure temperature. This information can be used for two purposes: firstly, to 
compare the dates with white mica dates in possible source regions, thereby helping 
to delineate the provenance of the sediments; secondly, 40Ar/39Ar white mica dates 
(as well as feldspar dates) in dated Himalayan detrital sediments can be used to date 
the timing of the start of rapid Himalayan uplift (see section 11.3.1). In addition, the 
data can also be used to confirm Dagshai and Kasauli Formation depositional ages 
(see section 4.5). 
Electron probe traverses were carried out on white micas from the same rock 
samples from which the micas for 40Ar/39Ar dating were taken. This was in order to 
provide an independent test on the level of alteration of the micas (alteration will 
affect the Ar dating results), assess the homogeneity of the mica population and use 
the composition of the mica as an indicator of provenance (e.g. Guidotti 1978; 
Massonne & Schreyer 1987). 
Table lOc summarises the samples, Formations, stratigraphic positions, localities 
and analyses carried out. 
10.3.8.1 40Ar139Ar dating of white micas as an indicator of provenance: 
This approach involves matching' the dates of the micas found in the sediments with 
equivalent dates found in the possible source regions. Any potential source regions 
must also correlate with the inferred source type for the early Tertiary sediments i.e. 
sedimentary and low to medium grade (greenschist to lower amphibolite) 
metamorphic rocks, below the garnet grade in Dagshai Formation times, below 
staurolite grade in Kasauli Formation times. In this section, firstly a literature 
review of published dates from source area micas is given, secondly, the results of 
this study, dating the detrital muscovites from the Dagshai and Kasauli Formations 
are given, and finally, the detrital micas are interpreted in the light of the review. 
Published source area mica dates and their interpretation: 
The data are not comprehensive, neither with respect to one formation sampled 
spatially, nor with respect to the various Himalayan formations present, but there is 
sufficient 	published 	work 	to 	provide 	an 	overview. 
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no. of individual 
micas Ar dated 
(total fusion) 
no. of micas 
step heated 
no. of micas 
analysed by 
electron probe 
bulk mica analysis 
90-29F Dagshai Dagshai I 7  9 no 
90-I 2G Dagsliai Upper Dagshai 2 9 2 4 no 
91-12D Kasauli lowest Kasauli 3 9 I 7 yes, 2 grains 
91-913 Kasauli Kasauli 4= 9 I 9 no 
9I-85A Kasauli Kasauli 4= 6  7 yes 
9I-52B Dagshai Dagshai ?  yes, 2 batches 
91-9H Kasauli Kasauli ?  yes 
9I-32A Dagshai Dagshai 
91-38A Dagshai Dag/Kas transition ?  yes 
91-6iiC 	- Sinila slate basement I 	?  yes, one grain 
00 
Lesser Himalaya: Little work has been carried out on the Lesser Himalayan 
formations, as the basic stratigraphy has yet to be established adequately. Frank et 
al. (1995) carried out 40Ar/39 Ar dating on detrital micas found in the Simla Slates 
and the red beds found above them. The micas from the Simla Slates gave typical 
plateau ages of 860 Ma, the red beds providing micas with plateau ages of 1200Ma 
and some, which were step heated, gave dates of 1.3 Ga - 1.6 Ga in their higher 
temperature steps. These ages complement the date of 1629 Ma which I obtained 
from one grain of detrital muscovite from the Simla slates (see Table lOd). 
Higher Himalaya and MC17: In Garhwal, India, Metcalfe (1993) and Oliver et al. 
(1995) published data from the High Himalayan Crystallines and across the Main 
Central Thrust into the Munsiari Formation. Both authors recorded a 'younging 
down (i.e. younging-south) sequence through the nappe stack. Metcalfe (1993) 
recorded 22.2 Ma muscovite dates in the central/upper portion of the High 
Himalayan Crystallines (kyanite zone), with values steadily falling to 14.0 Ma at the 
base of the High Himalayan Crystallines (garnet zone), just above the Vaikrita 
thrust. The youngest muscovite age (5.7 Ma) was recorded just beneath the Vaikrita 
thrust. This anomolously young age has been attributed by the authors as due to 
resetting by a thermal spring found close by, or by localised shear partitioning within 
the MCT shear zone. South of this anomalous age, the mica dates continue their 
progressive younging in the Munsiari Formation, although the relative lack of data 
makes the trend less clear: Oliver et al. (1995) suggested that their data for the 
Munsiari Formation region only (muscovite dates of 13.5 - 8 Ma) is not arranged in 
any structural pattern, implying that different sections of the MCT Zone were active 
at different times. In addition to the above sequence, Metcalfe (1993) recorded a 
muscovite age of 20.8 Ma from rocks just above and affected by the Jhala Normal 
Fault (equivalent to the Zanskar Normal Fault). Fig. lOz shows the muscovite data 
plotted on a Himalayan section. The downward and southerly decrease in age is 
clearly seen. The authors interpreted this progressive younging towards the Indian 
foreland as the result of exhumation and cooling proceeding sequentially towards 
the south. This is consistent with a foreland propagating piggy-back style thrust 
sequence. Disruptions to the pattern of southward younging ages may represent 
continuous localised shear or out of sequence motion. 
Further west but still in India, Searle et al. (1992) showed that in eastern 
Kashmir and Western Zanskar, muscovite from the top of the High Himalayan 
Crystalline thrust sheet gives ages of 30-13 Ma. 
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TABLE I OD: TABLE SHOWING THE RESULTS OF 40AR139AR SINGLE CRYSTAL DATING, STEP HEATING DATING AND BULK ANALYSIS DATING OF WHITE 
MICAS FROM THE DAGSHAI AND KASAULI FORMATIONS AND THE SIMLA SLATE BASEMENT (KROL NAPPE) 
Technique grain step 90-29F 91-12G 91-12D 91.9B 91-85A 91-52B 91-9H 91-32A 91-38A 91-6iiC 
Dagshai Dagshai Kasauli kasauli Kasauli Dagshai Kasauli Dagshai Dagshai basement 
Single grain dates (Ma) 1  24.69 100.66 35.07 23.23 69.92  
it _____________ 2  24.59 26.57 63.07 23.89 27.64  
____________ 3  24.64 28.25 44.17 25.43 33.70 
4  24.71 135.15 28.71 80.98 27.72  
_____________ 5  330.21 346.60 28.62 22.00 29.70  
_____________ 6  22.44 72.08 77.79 24.25 161.96  
_____________ 7  25.25 49.78 27.22 25.27  
____________ 8  27.01 31.74 23.94  
9  43.54 44.83 54.67  
step heating 1 1  84.47 26.67 22.09  
2  85.42 28.38 22.22  
3  88.42 27.40 21.49  
1 4  28.17 22.01  
5  27.10  
2 1  26.88  
2 2  27.62  
2 3  27.70  
2 4  26.99  
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Fig. lOz: Schematic structural section across the Bhagirathi valley section of the 
Garhwal Himalaya plotted with locations of the muscovite thermochronological 
samples against time. Note the general southwards decreasing cooling ages except 
for the younger ages along the major thrust fault zones e.g. Vaikrita Thrust probably 
caused by late fluid interactions and excess argon. MT. Munsiari Thrust: VT, 
Vaikrita Thrust; JNF, Jhala Normal Fault (Metcalfe 1993) 
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In Nepal and S. Tibet a number of workers have been dating micas using K-
Ar and/or Ar-Ar. Hodges et al. (1994) published dates of 12.8-14.9 Ma for micas 
near the top of the High Himalayan Crystallines. Hubbard & Harrison (1989) dated 
a mylonitic pegmatite at 7.7 Ma from lower in the High Himalayan thrust pile in the 
region near Everest. Maluski et al. (1988) provided a 5.7 Ma date from a region 
near the Vaikrita thrust, in a section 100 km west of Everest. Looking at the 
leucogranites found within the High Himalayan Crystallines, in the Everest region, 
muscovite dates of 16.7 Ma (Copeland et al. 1987) and 16.6 Ma and 17.0 Ma 
(pegmatite) (Hubbard & Harrison 1989) were obtained. 100km west of Everest, 
Maluski (1988) obtained a date of 14.6 Ma from leucogranite material and mica 
from the Manaslu granite has been dated at 18.4-17.9 Ma (Copeland et at. 1990), 
with Manaslu's contact metamorphic aureole providing mica dates of 18.5-18.6 Ma 
(Guillot et al. 1994). Leucogranites from southern Tibet give mica ages of 13.5-14.7 
Ma (Hodges et al. 1994). 
Moving below the Vaikrita thrust, Hubbard & Harrison (1989) and 
MacFarlane et al. (1992) dated micas found within the Main Central Thrust Zone 
(equivalent to the Indian Munsiari Formation). Hubbard & Harrison provided one 
date from within the sequence (12 Ma), and MacFarlane et al. dated a mica from the 
highest structural level (6.87 Ma), the intermediate structural level (8.49 Ma) and the 
lowest structural level (8.86 Ma). The authors noted that this decrease in age up 
sequence indicates that the upper structural level cooled after the lower structural 
level. This could either be due to deformation proceeding from lower to higher 
structural levels in the MCTZ or that the upper MCTZ was reset by a later event. 
Mica source dates in Pakistan are significantly different from those found 
further East in India and Nepal. K-Ar and/or Ar-Ar mica dating has been carried out 
by, amongst others, Maluski & Matte (1984), Zeitler (1985), Treloar et al. (1989) 
and Treloar et al. (1990). Dates from the Asian plate are young (12 Ma) and those 
from Kohistan range between 21-18 Ma with one date of 66 Ma. Dates from the 
crystalline Indian plate thrust stack span the range from 23-97 Ma, but with the 
majority of dates falling between 23-45 Ma. Within the 23-45 Ma range, the dates 
fall into two main clusters, one at 40 +1- 2 Ma and the other at 23-26 Ma with a 
pronounced tail as far as ca. 30 Ma. 
In summary, the HHC of Pakistan show significantly different K-Ar and/or 
Ar-Ar white mica ages from those found in the Central and Eastern areas of the 
Himalaya (i.e. central and eastern India and Nepal); the oldest age from the central 
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and eastern Indian and Nepalese Himalaya is 22.2 Ma, the youngest age from the 
Pakistani sector of the Indian plate is 23 Ma. The only exception to this overall 
pattern can be found from one traverse made by Searle et al. (1992) in western India, 
close to the Pakistan sector (Eastern Kashmir and western Zanskar). This traverse 
gives two 30 Ma mica ages from near the top of the High Himalayan Crystalline 
Slab, with ages decreasing from 23-13.7 Ma a little further structurally down the 
slab. 
Two possibilities exist to explain the variations in mica ages between 
Pakistan in the west and India and Nepal in the east; 1) diachronous metamorphism 
or 2) the occurrence of a second metamorphic event in the east which overprinted 
the earlier signature. 
I) Diachronous metamorphism: In this scenario, metamorphism would be earlier in 
the west, similar to the diachronous collision that is postulated for the Himalayan 
orogen (Klootwijk et al. 1985; Jaeger et al. 1989; Spencer 1992). For example, peak 
metamorphism is calculated to have been at 40 Ma in Pakistan but at approximately 
20 Ma further east in Nepal (Searle in press & references therein). The main 
arguments against this model are: a) what was happening at e.g. Langtang between 
the time of collision and 21 Ma? It would seem likely that crustal thickening, 
occurring during this period, was accompanied by Barrovian-style metamorphism. 
This would point towards model 2. b) there is good, if somewhat patchy, evidence 
for an early Eo-Himalayan' metamorphic event in the east (Brunel & Kienast 1986; 
Hodges et al 1988; Searle et al. 1988; Searle & Fryer 1886; Searle & Rex 1989; 
Hodges et al. 1994) (see belw). The younger age for peak metamorphism in the 
east could be an overprint from the second Neo-Himalayan' event which was not 
experienced in the west. 
2) Two metamorphic events in the east: In this model, the Himalayan orogen was 
subjected to an early 'Eo-Himalayan metamorphic event which was responsible for 
producing micas with K-Ar andlor Ar-Ar ages of pre-23 Ma. Later, the east was 
also subjected to a 'Neo-Himalayan' metamorphic event which overprinted the older 
event and produced mica ages of 22 Ma and younger. 
Treloar et al. (1989, 1990) commenting on the significant difference in mica 
ages between the west and east of the orogen, noted that there was no evidence in 
Pakistan for the ca. 20 Ma aged thermal event which is well documented to the east 
in India and Nepal. This Neo-Himalayan' metamorphism was synchronous with 
movement along the MCT (Searle et al. 1992) active at 21 Ma (Hubbard & Harrison 
1989) and Le Fort (1986) considered that the metamorphism and associated 
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leucogranite emplacement was attributed to the thermal effects of the Main Central 
Thrust. Treloar et al. noted that work by Brunel & Kienast (1986); Hodges et al. 
(1988), Searle et al. (1988), Searle & Fryer (1886), Searle & Rex (1989) and Hodges 
et al. (1994) showed that metamorphism and magmatism related to the MCT was 
apparently superposed on an earlier Eo-Himalayan metamorphism in the east, 
although data is patchy because the later metamorphic event has often obscured all 
traces of the former event. They noted that preliminary Ar-Ar hornblende data 
from Eastern Garhwal (Hodges & Silverberg 1988) suggest a pre-Late Eocene age 
for the early Barrovian metamorphism. Later work by Inger & Harris (1992) in 
northern Nepal and Hodges et al. (1994) in southern Tibet give Late Oligocene ages 
for the Eo-Himalayan metamorphism. In slight contrast to this, Searle et al. (1992) 
preferred to think that Himalayan metamorphism was a single prograde event 
divided into several metamorphic episodes. With this evidence, Treloar et al. 
considered it possible that the ages recorded in Pakistan date a Himalayan-wide 
metanorphism that shortly post-dated collision and which was subsequently 
overprinted through much of the Himalayan belt by the later MCT-related thermal 
event. 
Out of these two models, I consider the second to be most likely based on the 
fact that there is evidence for an early 'Eo-Himalayan' event and it is unlikely that 
there was no metamorphism related to crustal thickening between the time of 
collision and the Miocene peak metamorphic ages in the east of the orogen. 
Results of 40Ar139Ar dating of white micas from the Dagshai and Kasauli 
Formations 
A detailed account of the methodology behind the 40Ar/39Ar dating technique and 
the results obtained are given in appendix C. In summary, (as detailed in table lOc) 
two Dagshai Formation samples (Hm90-29F and Hm91-12G) and three Kasauli 
Formation samples (Hm91-9B, Hm91-12D and Hm91-85A) were taken. Seven 
individual mica flakes were analysed from Hm90-29F, nine from Hm91-12G, nine 
from Hm91-9B, six from Hm91-85A and nine from Hm91-12D, using single step 
total fusion. In addition, two further micas were taken from Hm91-12G, one from 
Hm91-9B and one from Hm91-12D, and these were analysed using incremental step 
heating, with three, four, four and five steps respectively. Also, four Dagshai 
Formation samples (Hm91-52B, Hm91-12G, Hm9l-32A and Hm91-38A) and three 
Kasauli Formation samples (Hm9l-9H, Hm91-85A and Hm91-12D) were taken, 















Fig. lOaa: Single crystal white mica 40Ar/39Ar ages from (i) Hm90-29F (Dagshai 
Formation), (ii) Hn91-12G (Dagshai Formation), (iii) Hm91-12D (Kasauli 
Formation), (iv) Hm91-9B (Kasauli Formation) and (v) Hm91-85A (Kasauli 
Formation. For details of samples. see Table lOc. 
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summary of results is given in table lOd and the single crystal data is represented 
graphically in Fig. lOaa(i-v). 
These results from the individual mica analyses show that there is considerable 
spread in the mica ages, ranging from 346.60 Ma to 22.44 Ma in the Dagshai 
Formation and 161 Ma to 22.00 Ma for the Kasauli Formation. Histograms of the 
data show that, leaving aside Hm90-29F, the Kasauli Formation possesses the 
youngest micas, and more of the micas are young rather than older, compared to the 
Dagshai Formation. The Dagshai Formation contains the oldest micas. Hm90-29F 
shows an unusual set of micas, all but one of the micas showing similar ages 
(compared to all other samples where a spread of ages was observed) and the ages of 
the micas are barely within the accepted age range for the Dagshai Formation 
(Oligocene) (see section 4.6.3). A further concern is that Valdiya (1980) recorded 
that Raiverman (pers. comm.) had found typical 'Subathu' fossils in this sequence. 
However, both Valdiya and Raiverman believed in the stratigraphic intertongueing 
of Subathu and Dagshai Formation (see section 3.2) and therefore Valdiya's (1980) 
note is somewhat ambiguous. If the fossils are from what I would interpret to be 
the red Subathu, i.e. transitional between the Subathu and Dagshai Formations, as 
described in section 6A. 1.2 and by Batra (1989), then the inference is that the mica 
dates are not geologically meaningful. However, if the Subathu and Dagshai 
Formations are structurally interleaved at this locality i.e. in a similar fashion to that 
found at Dhondan (section 2.3.4) then the Subathu fossil dates are independent of 
the Dagshai Formation. This possibility would not have been entertained by Valdiya 
or Raiverman in view of their opinion on the Subathu and Dagshai Formation being 
the same formation. I would be inclined to think that the fossils are from the red 
transitional Subathu because I saw no evidence of the 'true green Subathu at this 
locality, and Valdiya noted that the red facies dominates in this sequence. However, 
the tectonised nature of the sequence would make interleaving of the Subathu and 
Dagshai formations relatively easy. 
What could be the cause of the anomalous ages in this sample (Hm90-29F)? 
One possibility could be resetting or argon loss. Alteration appears to be minor for 
all samples (see below for illite crystallinity and electron probe evidence for a lack 
of alteration of the micas although also note that the supposed lack of alteration 
shown by the probe evidence could be misleading as explained), but it must be 
remembered that the sample analysed for alteration by illite crystallinity was similar 
to the sample used for mica dating but it was not the same sample. Deformation at 
this locality is abnormally high compared to other early Tertiary sediment localities 
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(e.g. cleavage development is much greater). It may be possible that localised 
alteration has occurred e.g. in the immediate vicinity of a shear zone. Possibly the 
sample collected for mica dating was adjacent to a zone of alteration, the sample for 
illite crystallinity being further removed. This does not explain however the lack of 
alteration shown by the electron probe study where the micas analysed, although 
different from those used for Ar-Ar dating, where from the same hand sample. 
Possibly there has been an error during the collection, labelling or analysis of the 
sample. More analyses would verify this. These results are pending, but in the 
meanwhile, Hm90-29F will not be used in the overall interpretation of the data. 
When assessing these micas ages, it should be taken into account that excess 
argon in the mineral will cause older than true ages to be reported, whilst argon loss 
due to diagenesis or alteration will cause younger than true ages. Alteration can be 
tested for using step heating, the results from this study showing all micas analysed 
by this method have a flat plateau which infers that alteration was minimal. An 
independent test of alteration can be achieved by doing microprobe traverses across 
the mineral, in order to detect any alkali loss at the margins. This was also carried 
out for this study, as detailed in section 10.3.8.2 and alkali loss was found to be 
minimal (that which was present probably occurring prior to deposition), again 
indicating that alteration was minor. In addition, illite crystallinity measurements on 
the diagenetic components of the rock (as detailed in section 9.1), shows that 
temperatures since deposition were not high enough to cause resetting. Finally, it 
should be noted that the age recorded by the micas is interpreted as the time when 
the mica last cooled through its blocking temperature, not the time of initial 
formation. 
Interpretation of the mica ages from the early Tertiary sediments: Both the Dagshai 
and the Kasauli Formation mica dates fall into the same age band as those described 
for the Pakistan sector of the High Himalaya, none of the mica ages being younger 
than 22 Ma if Hm90-29F is included, and none being younger than 23 Ma if Hm90-
29F is excluded. The Dagshai Formation was probably deposited prior to MCT 
movement (active at 21 Ma), the Kasauli Formation straddles this date. Fig. lOab 
(after Johnson 1994) shows the Himalayan region in post-Barrovian metamorphism 
times, but pre-MCT movement. Erosion of the low grade rocks at the surface would 
provide white micas with ages affected by the Eo-Himalayan Barrovian 
metamorphism (i.e. with ages similar to those found in the Indian plate of the 




s 	 ASIA 
Fig. lOab: Schematic section across the Himalaya showing an undisrupted right-
way-up Barrovian thermal structure in the Indian continental crust prior to slip along 
the MCT. B = biotite, G = garnet, S = staurolite, K = kyanite, ITS = Indus Tsangpo 
Suture. Thrust line indicates the future position of the MCT (Johnson 1994) 
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Formation as well as the metamorphic grade of the source rocks inferred for the 
Dagshai Formation. The Kasauli Formation was deposited during MCT movement. 
Erosion to deeper levels of the same source area as shown in Fig. lOab during this 
time would result in the occurrence of garnet grade rocks in the Kasauli Formation 
sediments. This accounts for the presence of garnet found in the Kasauli Formation 
sediments and the many evidences of a slight increase in metamorphic grade for the 
source area (e.g. sections 10.3.1 & 10.3.5). The micas deposited in the Kasauli 
Formation are still of Eo- Himalayan age. This is consistent with syn-MCT 
metamorphism occurring at this time. The allowance of sufficient time for micas 
reset at depth to be brought up to the surface, eroded and deposited, will result in a 
slight time lag, and therefore micas with syn-MCT metamorphic ages will not occur 
until Siwalik times. This has been found to be the case in the Bengal Fan sediments 
(Copeland et al. 1990). Single white mica grains have been dated from sediments as 
old as 16.8 Ma. Out of 45 grains analysed, only 8 were dated at 23 Ma or older (i.e. 
Ca. 17%), and this number includes those analyses assumed to have suffered argon 
mobility. 
The second factor to be interpreted is that Fig. lOaa shows the Dagshai 
Formation to have a significantly higher proportion of older micas (e.g. older than 
65 Ma) compared to younger micas (e.g. younger than 30 Ma), than the Kasauli 
Formation. Assuming that these older ages are geologically meaningful (i.e. they 
are not the result of argon mobility) then it could be inferred that these micas are 
from the same source as the younger micas, this, now metamorphosed, source 
originally being the Upper Palaeozoic and Mesozoic Tethys continental margin 
sequence (Searle et al. 1992). It is likely that, within these source rocks, resetting by 
the Eo-Himalayan Barrovian metamorphism would be incomplete with some grains, 
possibly due to their larger size or other variable, retaining their original ages. 
Dagshai Formation micas, derived from a a lower metamorphic grade than the 
Kasauli Formation, would have been subject to a lower temperature regime and so a 
lower proportion of the micas would have been reset. 
10.3.8.2 Chemical composition of detrital white micas: indicator of provenance, 
alteration and sample homogeneity. 
Two Dagshai Formation samples (Hm90-29F and Hm9 1-1 2G) and three Kasauli 
Formation samples (Hm91-9B, Hm91-12D and Hm91-85A) were taken, the same 
samples as were used for 40Ar/39Ar dating. Nine micas and four micas were probed 
from the two Dagshai Formation samples respectively, nine, seven and seven 
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individual micas were probed from each of the three Kasauli Formation samples 
respectively. Complete analyses are shown in table 4 of appendix D. 
Mica composition as an indicator of provenance 
Amount of Ti: Guidotti (1978) demonstrated the correlation between metamorphic 
grade of a rock and the Ti content of micas within the rock. He found an increase in 
the amount of Ti in micas from the lower garnet zone of metapelites (Ti = 0.025) 
through to the upper sillimanite grade (Ti = 0.068). Using a larger review of 
published literature on mica analyses, Guidotti (1984) concluded that in general, 
over the range from greenschist facies to amphibolite facies the Ti content in 
muscovite increases fairly steadily from 0.02 to 0.12. He also noted that most Ti 
values are less than 0.10 and that most of the Ti values greater than 0.10 are from 
muscovites from high grade metamorphic rocks. He stressed however, that the 
presence or absence of a Ti saturating phase and the effects of bulk composition in 
the source rock must be taken into account. In addition, it is generally agreed (e.g. 
Speer 1984) that magmatic micas contain an even higher proportion of Ti compared 
to metamorphic micas. 
Ti vs. Si was plotted for all micas analysed (Fig. lOac(i-v)). The data from 
the two Dagshai Formation samples (Fig. lOac(i) & (ii)) shows that the micas have 
largely low Ti values (Ca. 0.02-0.06), with rare micas having higher Ti (0.07-0.09). 
Hm91-12D, coming from the lowest, transitional Kasauli Formation, also contains a 
mica population which has low Ti (ca. 0.015-0.05) (Fig. lOac(iii)). Micas from the 
true' Kasauli Formation samples, Hm91-9B and Hm91-85A (Fig. lOac(iv) & (v)) 
display a different pattern of Ti. Hm91 -9B clearly shows two populations of micas, 
one with a low Ti (ca. 0.025-0.06) and one with a high Ti (ca. 0.06-0.09). Hm91-
85A also shows this pattern, although less clearly, due to the lesser number of data 
points. 
Interpretation of the Ti pattern in micas from the different samples would 
suggest that the two populations of micas are from different provenances, the 
population with the high Ti coming from a higher grade environment than the micas 
with the low Ti. During Dagshai Formation time, the source was dominantly of the 
low grade, and this was also the case when the lowest Kasauli Formation sediments 
were deposited. In Kasauli Formation times a new higher grade source was 
unroofed, although the source responsible for the Dagshai Formation sediments was 
still contributing detritus to the basin. 
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Fig. lOac: Ti vs. Si chemical composition (in p.f.u.) of white micas from samples (i) 
Hm90-29F (Dagshai Formation), (ii) Hm91-12G (Dagshai Formation), (iii) Hm91-
12D (Kasauli Formation), (iv) Hm91-9B (Kasauli Formation) and (v) Hm91-85A 
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Fig lOac: continued. 
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Phengite content. Phengite is an intermediate member between the muscovite, 
K[AI1Si3AI010](OH), and celadonite K(Fe,Mg)(Fe,A1)[S1 40 10](OH) 2  solid solution 
series. Various studies have been carried out by e.g. Ernst (1963), Velde (1965, 
1967) and Massonne & Schreyer (1987) on phengite, its occurrence and its use as a 
geobarometer. It has been shown that, with respect to temperature (i.e. not 
pressure), phengites are found mainly in low temperature rocks and muscovites are 
typical of rocks formed at intermediate to relatively high temperatures. Within the 
phengite series, Si increases with increasing pressure and decreases with increased 
temperature. The pressure effect is dominant, the Si responding strongly, whilst the 
temperature effect only influences Si to a moderate extent. Data from the probe 
analyses carried out on micas from this study show that most of the white micas are 
true muscovites, with phengite being rare (Fig. lOad). This would imply that the 
micas have been derived from a source that is of medium to high metamorphic 
grade. Those rare white micas that are phengites can be compared with the work of 
Massonne & Schreyer (1987). The Si content of these phengites show that they 
were not derived from rocks which had been subjected to high pressure. 
Mica composition as an indicator of dia genetic alteration. 
The degree of alkali loss at the rims of micas is a good indication of the level of 
alteration they have been subjected to (an important consideration when assessing 
the reliability of 40Ar/39Ar dating on the micas). Electron probe traverses were run 
on four micas from Hm90-29F, four micas from Hm91-12G, five micas from 
Hm9l-9B, three micas from Hm91-12D and four micas from Hm91-85A, these 
samples being the ones from which micas were separated for 40Ar/39Ar dating. 
Representative traverses are shown in Fig. lOae. General points to be made are that 
I) in most micas, alteration is confined towards the edge of the grain, where good 
gradients can sometimes be seen. 
several grains show no alteration at all. 
some grains only show a gradient on one side of the traverse. This infers that the 
mica flake is broken and that alteration occurred prior to breakage. As breakage is 
most likely to occur during erosion and transport, and least likely to occur during 
post-deposition diagenesis, this strongly suggests that alteration occurred in the 
source region, prior to erosion, deposition and diagenesis. 
Finally, it should be noted that the mica traverses from sample Hm90-29F, from 
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Fig. lOad: Fe + Mg vs. Si chemical composition (in p.f.u.) of white micas from 
samples (i) Hm90-29F (Dagshai Formation), (ii) Hm91-12G (Dagshai Formation), 
(iii) Hm91-12D (Kasauli Formation), (iv) Hm91-9B (Kasauli Formation) and (v) 
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Fig. lOae: Traverses across selected micas showing variation in alkalis within the 
grain. K + Na + Ca is plotted in stoichiometric formula units. 
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alteration than the other samples. However, it should also be taken into account that 
Hm90-29F contained more micas which were too badly altered for electron probe 
traverses to be attempted, and those micas which were analysed gave more than the 
usual amount of bad readings, with alteration so severe at some margins that rim 
compositions could not be assessed using the probe. 
Mica composition as an indicator of the degree of homogeneily of the mica 
population 
Both Figs. lOac & lOad, displaying Ti and Fe+Mg data respectively, show that the 
micas are not from a homogenous source. As discussed above, the Ti data suggest 
that at least two populations have been sampled from the Kasauli Formation, whilst 
the Fe+Mg data shows considerable scatter, good examples being sample Hm9 I-
12G from the Dagshai Formation and Hm91-9B from the Kasauli Formation. 
Summary of interpretations from electron probe study 
The white micas are true muscovites, with rare occurrences of more phengitic micas. 
This would imply that the majority of the micas are from a medium to relatively 
high grade source. Both the Fe+Mg data and the Ti data show that the micas were 
derived from heterogeneous sources. The Ti study suggests that the micas were 
derived from at least two populations, the lower grade population dominating during 
erosion and deposition of the Dagshai Formation, the higher grade population being 
more dominant in the Kasauli Formation. The lack of very high Ti values within the 
micas would suggest that magmatic rocks or rocks of very high metamorphic grade 
are unlikely to have been the source. Alteration of the micas has been minor and 
probably occurred during source rock weathering prior to erosion and deposition in 
the early Tertiary sediments. 
10.4 Summary and delineation of provenances 
Table IOe displays the provenance work described above and summarised below. 
10.4.1 The Subathu Provenance: 
Summarising the above section, the Subathu Formation has a high proportion of 
sedimentary lithic fragments which would imply a sedimentary source region, 
contains chlorite characteristic of greenschist facies rocks, epidote which is typically 
found at the greenschist-amphibolite boundary, albite, often found in chlorite and 
biotite zones of metamorphic rocks, green-brown biotites suggestive of low-medium 
grade metamorphism, and chrome-spinels, indicative of derivation from ultrabasic, 
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TABLE I OE: SUMMARY OF PROVENANCE STUDIES CARRIED OUT IN THIS PROJECT 
ON THE SINOTALI, SUBATHU, DAGSHAI AND KASAULI FORMATIONS 
TECHNIQUE CONCLUSIONS 
general mineralogy Singtali Fm: dominantly sedimentary source, Subathu Fm: dominantly sedimentary source, some ultrabasic component, Dagshai Fm: sedimentary & low- 
(section 10.3.1) grade metamorphic source, Kasauli Fm: sedimentary source and metamorphic source (higher grade cf Dagshai Fm.) 
tourmaline composition Dominantly metapelitic source for the Subathu, Dagshai and Kasauli Fms., increasing granitoid source by Kasauli Fm. times. 
(section 10.3.2) 
garnet composition Kasauli Fm: most probably a gametiferous schist source, of low (greenschist-amphibolite) metamorphic grade. Unlikely to have been derived from the High 
(section 10.3.3) Himalaya. 
petrography (Q-F-L) Subathu Fm: straddles foreland uplift recycled orogen and craton interior continental block fields. Dagshai & Kasauli Fms.: plot in foreland uplift 
(section 10.3.4) recycled orogen provenance field. Sources for this field are dominantly sedimentary and meta-sedimentary nappes with subordinate contribution from 
ophiolitic melanges and magmatic arcs. Overall, the increase in % of lithics through time implies increased erosion. 
illite crystallinity The dominant source is of greenschist metamorphic facies grade. The metamorphic grade of the source increases through time. 
(section 10.3.5) 
rock chemistry Source was recycled sedimentary and metamorphic rocks of platforms or recycled and collisional orogens. Arc material was not dominant. 
(section 10.3.6) 
spinel composition (section Subathu Fm: the spinels are more or less identical to the spinels of the Chulung La Fm., thought to be derived from the suture zone. 
10.3.7) 
40Ar/39Ar dating of white Dagshai & Kasauli Fins.: most likely derived from the proto Lesser/High Himalaya which had been affected by Eo-Himalayan metamorphism but had 
micas (section 10.3.8) been unaffected by the 'Neo-Himalayan metamorphism at the time of erosion. 
mica composition 
(section 10.3.8) 
Ti: Ti % shows two populations of micas, of lower and higher grade metamorphic source. The higher grade micas increased in number from Dagshai to 
Kasauli Formation times. P/zengite content: implies a medium-high grade metamorphic source. 
palaeocurrent Dagshai & Kasauli Fins: material was transported from the north-west towards the south-east. 
measurements (sections 
7A.1.2 & 8A.I)  
probably ophiolitic rocks. Illite crystallinity studies show that detrital material up to 
lower greenschist facies is present and the QFL triangular diagram indicates that 
magmatic arc material was not significant. The Subathu Formation rocks span the 
craton interior and foreland uplift recycled provenance fields. The source for the 
craton-type provenance is thought to have been shields and platforms of low relief, 
where the eroded sediment is transported great distances. The foreland uplift 
recycled provenance is similar to a collision recycled provenance in that the source 
is thought to be sedimentary and metasedimentary nappes which were originally part 
of the continental margin. They differ from the collision provenance in that the 
uplifted foreland belt shields the basins from the magmatic and suture sources. 
Interpretation of the above data suggests that the Subathu Formation detrital 
sediments were derived from a mixed source region, dominantly sedimentary but 
with some low grade metamorphic material present. The chrome spinels are similar 
to those found in the Murree Formation, and more importantly the Chulung La 
sediments, interpreted to have been derived from the suture zone ophiolites / Trans 
Himalaya (see section 1.2). Some influence from the suture zone is therefore 
expected, although magmatic material is extremely subordinate and it should also be 
remembered that it is possible for the ophiolites to have been pushed far to the south 
of the suture zone. 
10.4.2 The Dagshai Formation: 
Summarising data from the Dagshai Formation shows that there is a higher 
proportion of metamorphic lithic fragments compared to the Subathu Formation, the 
rare occurrence of lepidolite implies a pegmatitic source for this mineral and 
chrome-spinel is extremely rare. Epidote, chlorite, albite and biotite are all still 
present. The Dagshai Formation rocks plot in the foreland uplift recycled 
provenance field on the QEL diagram, as already described for the Subathu 
Formation above. The XRF data show that there is little, if any, influence from 
magmatic arcs and the sediments are characteristic of derivation from recycling of 
older sedimentary and metamorphic rocks from platforms or recycled and collisional 
orogens. Illite crystallinity data indicate the lower greenschist facies material is 
again present. The phengite and Ti content of the micas imply that the metamorphic 
grade of the source could have been medium or relatively high grade, and probably 
of lower grade than the Kasauli Formation. Dating of the micas infers a source 
which was originally of late Palaeozoic to Mesozoic age (or contained micas reset 
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during that time) which was later affected by Eo-Himalayan Barrovian 
metamorphism prior to MCT slip. 
The most likely source for the Dagshai Formation is a low-grade 
metamorphic environment, but still with some input from sedimentary rocks as 
inferred from the presence of sedimentary lithic clasts. The almost total lack of 
crome-spinel suggests that by this stage the scenario suggested by Dickinson & 
Suckzec (1979) was in force, whereby uplift of the fold belt supplying the sediment 
was sufficient to shield the basin from the suture and arc sources. The most likely 
source area is the rock type which now makes up the High Himalayan crystallines, 
but prior to its alteration by syn-MCT metamorphism. 
10.4.3 The Kasauli Formation: 
As described above, the Kasauli Formation has a higher percentage of lithic 
fragments than the Dagshai Formation, both metamorphic and sedimentary types 
being represented. The mineral assemblage is similar to the Dagshai Formation but 
with the addition of garnet, implying that a higher metamorphic grade is now 
contributing to the sediment. The gamets are almandines, growth zoned and unlike 
the High Himalayan-type garnets. The increased Ti content in the micas compared to 
those from the Dagshai Formation also suggests a slightly higher grade provenance. 
A greenschist to amphibolite grade mica schist is envisaged as the garnet host rock. 
The QFL triangular diagram, and the XRF results are similar to the Dagshai 
Formation but the illite crystallinity data can be interpreted to show that there is a 
higher proportion of low-grade metamorphic material present than in the Dagshai 
Formation. 
The implied provenance is similar to the Dagshai Formation in that the main 
source area is of low to medium metamorphic grade, but with a subordinate 
sedimentary source aswell. The provenance differs from the Dagshai Formation in 
that the presence of garnet implies derivation from a higher grade metamorphic 
environment. A similar scenario to that described above for the Dagshai Formation 
is envisaged, with erosion to deeper levels as shown in Fig. lOab. 
10.4.4 Changes in provenance through time 
Two main changes in provenance can be seen from the Subathu Formation , through 
the Dagshai Formation to the Kasauli Formation. The first change is the occurrence 
of chrome-spinel in the Subathu Formation, its near complete absence in the 
Dagshai Formation and its complete absence in the Kasauli Formation. This can be 
ascribed to a change in source type. During Subathu Formation times, the suture 
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zone may have contributed some material to the basin, but by Dagshai Formation 
times this source was no longer a major contributor, possibly due to the shielding of 
the basin by the fold belt. The second major change is the progressive increase in 
metamorphic grade of the material up-section. In Subathu Formation times the 
material was dominantly of sedimentary origin, by Dagshai Formation times there 
was a strong metamorphic component, and by Kasauli Formation times, the 
metamorphic grade of the source had increased. 
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Chapter I I 
Early Himalayan Uplift History 
CHAPTER 11 
EARLY HIMALAYAN UPLIFT HISTORY 
Considerable confusion exists as to the correct terminology to describe the rise of 
the Himalayan mountain belt and the various processes associated with it. For this 
reason, this chapter will start with a brief introduction to the way in which the terms 
are defined for the purpose of this thesis. A brief literature review will follow, 
aimed at describing previous work on this topic, including the methods used. 
Finally, new insights gained from work for this thesis will be discussed. 
11.1 Review of terminology 
Searle (in press) gave a good overview of the various terms which relate to 
formation of the mountain belt, and this is reproduced, in part, below. 
England & Molnar (1990) defined 'uplift' as referring to displacement in the 
direction opposite to the gravity vector. 'Surface uplift' is therefore the displacement 
of the earths surface relative to the geoid or mean sea level. This process describes 
the process of mountain building. Uplift of a rock relative to the geoid means that 
rocks are moving upwards, but not necessarily with respect to the earths surface. It 
does not necessarily relate to high topography. 'Exhumation' is the displacement of 
rocks relative to the earths surface. The rate at which a rock rises to the surface 
from its depth of burial is the exhumation rate. Erosion refers to all processes which 
have the net effect of reducing surface topography. Normal faulting, by removing 
overburden, can also have this effect. Cooling curves (derived by dating different 
minerals which have different closure temperatures, from within one sample) are 
principally related to exhumation rates. In theory, uplift of a rock and exhumation 
rates tell nothing about topographic surface uplift. However, sudden increases in 
cooling rates and inferred large increases in exhumation rates require large amounts 
of erosion in a very short time. This would be difficult without significant 
topographic relief. 
11.2 Previous work 
Much work on the early surface uplift of the Himalaya has been achieved using 
cooling histories derived from a suite of minerals with different blocking 
temperatures (e.g. hornblende, muscovite and biotite). The work of many authors is 
summarised by Searle (in press) who stated that the cooling histories show that 
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significant crustal thickening, widespread metamorphism, erosion and exhumation 
(and therefore probably significant topographic elevation) occurred during the 
Eocene-Oligocene in the Karakoram and southern Tibet, and during the Early 
Miocene along the central and eastern Himalaya, before the onset of the monsoon 
and the change in vegetation and climate. 
An alternative approach has been used by Copeland et al. (1990) who 
worked on Bengal Fan material derived from the Himalayan mountain belt, and 
Harrison et al. (1993) who worked on the Siwalik sediments, both sets of authors 
using 40Ar/39Ar to date detrital white micas and/or K-feldspars. Their rationale is 
that if one looks at a dated sedimentary succession, the first occurrence of micas 
and/or feldspars in that succession with a date near identical to the date of deposition 
of the sediment in which they are found, this dates corresponds to the time of the 
start of rapid uplift. This is because rapid uplift would be necessary for the micas 
and/or feldspars to have cooled through their closure temperatures, been brought to 
the surface, eroded and deposited in the sediment, all in the space of very little time. 
Copeland et al. (1990) studied the Bengal Fan sediments since 18 Ma to the 
present day and found that throughout this period the sediments have contained 
white micas and feldspars with ages almost indistinguishable from the depositional 
age of the sediment. From this they inferred that rapid uplift of the Himalaya began 
at least 18 million years ago. However, they were unsuccessful in dating the start of 
rapid Himalayan uplift because the drill core did not recover sediment older than 18 
Ma. Harrison et al. (1993) used dated feldspars from a Siwalik sequence dated 
from 10.8-4.9 Ma. Throughout this sequence they found feldspars with an age 
equivalent to the depositional age, implying rapid unroofing throughout this time 
period. As with the Bengal Fan study, their sequence did not stretch back far 
enough to take in the time when rapid uplift would likely have started. The Kasauli 
and Dagshai Formation sediments, stretching further back in time, can overcome the 
above difficulty. 
11.3 Early Himalayan Uplift as deduced from this study 
11.3.1. 40Ar/39Ar dating of detrital white micas from the Dagshai and Kasauli 
Formations 
All detailed methodology, results and discussions pertinent to the accuracy of the 
data have been tabulated and recorded in section 10.3.8 where the data was used to 
assess provenance. The same data will be used to improve current knowledge of the 
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timing of early Himalayan uplift, using the same rationale as Copeland et al. (1990) 
and Harrison et al. (1993) 
Referring to the results table lOd and Fig. IOaa, and omitting sample Hm90-
29F for reasons outlined in section 10.3.8, it can be seen that sample Hm91-12G 
from the Oligocene Upper Dagshai Formation and all three samples from the lowest 
Miocene Kasauli Formation have mica dates which are essentially identical to the 
depositional age of he sediment. If we take Copeland et al.'s (1990) and Harrison et 
al.'s (1993) rationale to be correct, this would imply that rapid uplift had already 
commenced in the Oligocene. Although the timing of rapid uplift varies between 
regions within the Himalaya, an Oligocene age is consistent with the timing of rapid 
uplift deduced for some areas e.g. the Sankoo region of Kashmir where Searle et al. 
(1992) have shown that a period of rapid exhumation extended from 30-19 Ma. 
Although the present work has pushed back the time when rapid uplift of the 
Himalaya was occurring, it has been unsuccessful in dating the start of the rapid 
uplift period. For this it will be necessary to look at older rocks, but the lower part 
of the Dagshai Formation sequence is largely composed of mudstones and 
subordinate white mica poor sandstones, which would make an extension of this 
study difficult. 
11.3.2 Lithological sequence and petrography in the Dagshai and Kasauli 
Formations 
As detailed in section 7A. 1.2 there is an increase in the proportion of sandstone to 
mudstone up sequence. This could be related to increased erosion. The lower part 
of the Dagshai Formation sequence is mudstone dominated, the upper part showing 
a marked increase in sandstone content and the Kasauli Formation being almost 
entirely sandstone. This would put the start of a major increase in erosion at Upper 
Dagshai to beginning of Kasauli times i.e. Late Oligocene. In addition, the quartz-
feldspar-lithics triangular diagram as shown in Fig. 10q shows an increase in the 
lithic fragment to quartz proportion from the Dagshai to the Kasauli Formation. 
This trend could be related to decreased maturity of the sediment, related to faster 
erosion rates. The start of higher erosion rates based on petrographic evidence 
would therefore lie at the Dagshai-Kasauli transition which correlates approximately 
with the Oligocene-Miocene boundary. 
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11.3.3 Inferred depositional environment for the Dagshai and Kasauli 
Formations. 
As described in sections 713.2.2.4 and 8B.2, the inferred palaeoenvironment for the 
Dagshai Formation is that of a distal alluvial fan and meandering fluvial setting, 
whilst I have interpreted that the Kasauli Formation was deposited under braided 
fluvial conditions. As already mentioned in section 813, braided rather than 
meandering facies are likely to form when there is an increase in detritus or a heavy 
load of coarse sediment, where slopes are higher and/or where there are rapid 
discharge fluctuations of a greater absolute magnitude compared to meandering 
rivers. Leaving aside discharge fluctuations which are unlikely to have been the 
cause of the change in facies between Dagshai and Kasauli Formation times 
considering that the. change in climate was from semi-arid to humid, it can be 
inferred that the likely cause of the facies change was an increase in erosion rates. 
This would imply that rapid uplift, resulting in this increased erosion, occurred near 
the time of the Oligocene-Miocene boundary. 
11.3.4 Climate change 
It is known that uplift of Himalaya-Tibet caused an intensification of the monsoon at 
approximately 8 Ma because the mountains attained sufficient height to influence 
the weather patterns by acting as a barrier to the jet stream (e.g. Kutzbach et al. 
1993; Molnar et al. 1993). The apparent switch from a semi-arid to humid climate 
at the Dagshai-Kasauli transition (see sections 713.2.2.4 & 813.2) might be related to 
uplift of the mountain belt at this time. The time of this uplift would therefore be 
the Oligocene-Miocene boundary. 
11..4 Summary 
From the evidence cited above, it appears that the start of rapid uplift occurred 
sometime in the Oligocene, certainly no later than the Oligocene-Miocene boundary. 
This is approximately in agreement with previous work as described in section II. I, 
but tending towards a slightly earlier bias for the start of rapid topographic uplift of 
the mountain belt. 
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Chapter 12 
Discussion and Conclusions 
CHAPTER 12 
DISCUSSION & CONCLUSIONS 
In this chapter the foreland basin is considered in terms of a theoretical model of 
foreland basin evolution and analogues to the study area. The new information 
resulting from this research is summarised and then incorporated into a model that 
synthesises earlier work and the new results. 
12.1 Discussion of the Himalayan foreland basin with respect to theoretical 
models of foreland basin evolution and other foredeep examples 
12.11 Theoretical models 
There are two types of foreland basin, retro-arc foreland basins caused by arc-
continent collision, and peripheral basins caused by continent-continent collision 
(e.g. Beaumont 1981; Jordan 1981; Allen et al. 1986). Foreland basins form at the 
site of downwardly flexed lithosphere, and this downward flexure is in response to 
passive loading by supra-lithospheric mass loads superimposed during formation of 
the fold thrust belt. Associated with the downflexure, a peripheral forebulge forms 
towards the craton (Fig. I e) (Beaumont 1981). Deep water facies often characterise 
the initial stages of development due to the delay between downflexure and the start 
of substantial erosional influx. The load is submarine at first and therefore much of 
the sediment shed into the basin is derived from the craton. As thrusting proceeds, 
the thrust belt rises and contributes an increasing amount of eroded material into the 
foreland basin. This results in a shallowing up sequence as erosion and deposition 
exceed subsidence. With continued plate convergence, the thrust front and 
associated peripheral forebulge migrate cratonwards, cannibalising the early 
foreland basin sediments which become caught up in the thrusting. In this way, the 
foreland basin will migrate progressively cratonwards, with the depocentre of the 
basin remaining close to the advancing thrust stack. 
Variations on the classic model, described above, result from a number of 
variables. Stockmal et al. (1986) discussed the different foreland basin geometries 
that could result, depending on the age of the passive margin lithosphere that was 
overthrust by the load, and the size of the load. They concluded that, in the early 
stages of foreland basin evolution, basin geometry is influenced by the age of the 
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pre-existing passive margin prior to thrusting. If the flexural rigidity of the 
lithosphere is considered to be a function of its thermal state (e.g. Courtney & 
Beaumont 1983; Karner et al. 1983), then in situations where the lithosphere is 
thermally young or weak, a relatively narrow and deep foreland basin, located close 
to the orogen, will result. In contrast, where the crust is thermally mature or strong, 
the foreland basin will be wide and shallow. 
The influence of lithospheric age on basin geometry decreases with time and, 
by the latest stages of overthrusting, when the overthrust toe has reached well 
beyond the hinge line (the hinge line is the most landward point of lithospheric 
stretching) the geometry of the basin is only slightly affected by the age of the 
margin. At this stage, the size of the overthrust load has a greater influence on final 
basin geometry; basin depths in excess of 10 km can occur given overthrust 
topography similar to the present-day Himalaya. Stockmal et al. (1986) also noted 
that a few tens of kms of post deformational erosion can occur across 
topographically high orogenic belts, but very little of this eroded material is 
deposited in the foreland basin. Most of the material bypasses the basin because the 
basin is also subjected to uplift and deformation. 
12.1.2 Comparison of model with the Himalayan foreland basin 
Comparison of the theoretical models with the example of the Himalayan foreland 
basin is, in some respects, impractical as much of the foredeep modelling is heavily 
based on Himalayan results. However, keeping this in mind, the Himalayan 
foreland basin conforms well to the theoretical model, with the thrust belt of the 
Himalaya acting as the load on the Indian plate. The Indian lithospheric plate is old 
and therefore flexurally relatively rigid, and the Himalayan topography is high. 
According to Stockmal et al. (1986), foreland basin geometry should dominantly be 
controlled by the age of the lithosphere during the early stages of overthrusting and 
basin development. Therefore, in this case, the basin should be relatively wide and 
shallow. Assuming a basin width in excess of 200 km (as taken from Lyon-Caen & 
Molnar (1985), estimated for the basin in slightly younger times) and looking at the 
Subathu Formation shelf facies which show little evidence of deep marine deposits 
as found in, for example, the Taconic foredeep (see section 12.1.3), it could be 
concluded that these evidences are consistent with the model of Stockmal et al. 
(1986). However, it should be noted that Lyon-Caen & Molnar (1986) noted 
significant variations in the flexural rigidity of the Indian plate along strike. They 
concluded that these large variations are very difficult to reconcile with a model in 
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which the flexural rigidity of the continental lithosphere depends only on its thermal 
structure at the time of loading. 
The sedimentary basin fill reflects the model'well. The Subathu Formation 
represents the deepest water facies, but it differs from the theoretical model in that 
there are no true deep-water facies and there is no clear evidence of derivation of 
clastic material from the craton. There is evidence of derivation of material from the 
suture zone to the north, but this need not necessarily be the sole source; mixed 
southerly and northerly provenances are possible. It could be that the 'quartzit& and 
green sandstone, found at the top of the Subathu Formation sequence and 
surrounded by mudstones, represent a pulse of sedimentation from the craton. 
Thin sedimentary successions containing entirely Palaeocene fauna and near-
shore facies in the northerly restoring Subathu Formation sequences implies 
shallowing towards the north. Shallowing towards the load is at variance with the 
theoretical model where the depocentre remains close to the advancing thrust load 
and shallowing is towards the craton. The presence of palaeohighs could explain the 
observed thickness variations, faunal ages and facies, and these are common in 
foreland basins. Raiverman et al. (1983) and Lyon-Caen & Molnar (1985) have 
noted basement palaeohighs in the Himalayan foreland basin, whilst e.g. Jacobi 
(1981), Robertson (1987) and Flecker et al. (in press) have noted that in the 
Appalachians, Oman and the Taurus mountains, Turkey respectively, old basement 
faults are reactivated during crustal loading and these exert as major a control over 
basin morphology as load-induced crustal downflexure. 
The transition from the marine Subathu Formation to the overlying Dagshai 
and Kasauli Formation continental facies corresponds with the theoretical model of 
a shallowing up sequence as the thrust belt advances and contributes more material 
to the basin. The Himalayan model also follows the pattern predicted by Stockmal 
et al. (1986) in that much of the material derived from the Himalaya bypassed the 
foreland basin and was deposited in the Indus and Bengal Fans (Johnson 1994). 
Consistent with the model documented by Beaumont (1981), continued southward 
propagation of the thrust stack over the Indian plate has resulted in the earlier 
foreland basin sediments being caught up in thrusting, and the present-day foreland 
basin lies to the south. 
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12.1.3 Examples of other foreland basins with which the Himalayan foredeep 
could be compared 
The Alpine fore/and basin 
The Alpine foreland basin, described, for example, by Homewood et al. (1986) and 
Pfiffner (1986) compares well with the Himalayan foreland basin. The Alps formed 
when Tethys closed and continental collision between the Eurasian plate and the 
African and Arabian plates occurred in the early Tertiary. Loading led to 
downflexure of the Eurasian plate and development of a foreland basin to the north 
of the thrust belt. The basin parallels the mountain belt and lies in front of the 
encroaching thrust belt. Associated with this downflexure was syn-sedimentary 
normal faulting which resulted in abrupt facies and thickness changes and the 
disappearance of stratigraphic units in the basin. 
The oldest sediments in the foreland basin are of Eocene age. They consist 
of a thin transgressive marine sequence of littoral, shelf and open marine facies, 
overlain by marine turbidites, deposited under moderately deep water conditions. 
The provenance of these sediments was the rising thrust belt. In the mid Oligocene, 
a regressive sequence ensued, with a facies change from littoral to beach, lagoonal 
and finally fluvial environment. These terrestrial sediments consisted of fluvial 
systems draining into terminal fans. The proximal facies were of a braided stream 
environment, the more distal facies involved sinuous rivers meandering over a low 
gradient floodplain. Playa lakes were also present. The source of the sediments was 
the rising Alpine thrust belt, and the drainage pattern changed from radial in the 
lower part of the sequence to longitudinal in the upper part. The sequence thins to 
the north i.e. towards the foreland. Younger sediments indicate a brief return to 
marine facies before fresh-water conditions prevailed again. This fluctuation of 
facies probably resulted from the failure of the sedimentation rate to keep pace with 
the subsidence rate at that time. 
Since initial downflexure, the foredeep and a wave of subsidence have 
migrated towards the foreland in the same direction as thrust propagation, the 
thrusting sometimes being out of sequence. The earliest foreland basin sediments 
are now caught up in thrusting and are found in a number of structural positions. 
The sediments have been buried to depths of 10 kms beneath the thrust stack. 
Comparison with the Himalayan foreland basin: Both the Himalayan and Alpine 
foreland basins are of peripheral type, caused by continent-continent collision. The 
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sedimentary style of the basins are very similar, for example both basins exhibit 
initial transgressive, shallow-marine facies and younger fluvial facies. Fluvial styles 
are analogous, with rivers in the Himalaya and the Alps draining into terminal fans 
and playa lakes, with proximal sediments inferred to have been deposited in a 
braided fluvial environment and distal deposits in a meandering fluvial environment. 
The main differences in sedimentary style are the occurrence of deeper marine 
turbidite facies in the Alpine basin prior to fluvial deposition and a brief return to 
marine facies later. The Himalayan foreland basin never achieved deep water facies, 
and after the start of terrestrial deposition, the basin always maintained its overfilled 
state. In both basins, the overall facies thicknesses are strongly controlled by basin 
structure e.g. palaeohighs or faults. 
Foreland basins associated with the Taconic orogeny, Eastern America 
The Taconic orogenic phase, part of the Appalachian orogenic development, 
resulted from collision between the eastern continental margin of North America 
and an island arc or microplate during the Middle Ordovician (Jacobi 1981; 
Shanmugan & Lash 1982, Mussman & Read 1986). Collision, and the development 
of the foreland basin is thought to be diachronous along the length of the orogen 
(Hiscott et al. 1986). Passive margin carbonates of the North American passive 
margin are separated from foreland basin sediments above by an unconformity of 
Middle Ordovician age. This unconformity is thought to have formed due to the 
passing of the peripheral forebulge over the shelf (Jacobi 1981; Mussman & Read 
1986). 
The foreland basin sediments were deposited in a basin which was strongly 
influenced by palaeohighs (e.g. Read 1980): this resulted in rapid lateral thickness 
variations. The oldest foreland basin sediments are deep water mudstones of middle 
to late Arenigian age. There is debate as to whether these sediments were derived 
from the former passive margin (e.g. Bradley 1989) or from the Taconic orogen 
(Gonzalez-Bonorino 1990). In late Arenigian to early Llanvirnian times, the first 
orogen-derived sandstones were deposited in the form of sandstone-rich submarine 
fans. This was in response to the increased effects of the orogenic load which 
emerged above sea-level in the late Arenigian. Loading lead to collapse of the shelf 
and growth of the forebulge (Gonzalez-Bonorino 1990). In Llanvirnian times the 
load had thickened sufficiently to override the crustal ramp. This led to rapid 
subsidence, drowning of the carbonate platform and 'the formation of clastic 
depocentres which migrated west as the orogen advanced. Thick-bedded, coarse- 
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grained sandstones were deposited during this time (Gonzalez-Bonorino 1990). In 
the Caradocian some parts of the foredeep were overfilled and shallow marine 
terrigenous sediments and molasse deposits were laid down, but in other areas the 
basins remained underfilled and molasse-type sediments were never deposited 
(Hiscott et al. 1986). 
Comparison with the Himalayan foreland basin: These two foreland basins are 
similar in that both were formed by diachronous collision and, in both cases, facies 
thicknesses were initially controlled to a large extent by the occurrence of 
palaeohighs. However, in sedimentary style, the basins contrast strikingly. The 
oldest sediments of the Taconic foreland basin are deep-water mudstones and the 
basin remains underfilled through much of its history, with all or most of the 
sediments being marine. In contrast, the Himalayan basin never attained great 
marine depths and the majority of the sediment was deposited sub-aerially. 
The Andeanforeland basin: 
The Andean foreland basin lies to the east of the Andean mountains, situated on the 
western edge of S. America above subducting oceanic crust. The basin varies in 
facies along its length; two examples from different geographical locations, the 
Magallanes and Bermejo basins are described below. 
Magallanes basin: The following description of the Magallanes basin is largely 
taken from Biddle et al. (1986). The basin is situated on the southern edge of the 
south American plate. The basin has a multi-evolutionary history, the region having 
become an area of sediment accumulation a long time prior to its development as a 
foreland basin. The first effect of lithospheric loading was subsidence of the basin 
in Late Cretaceous times. Late Cretaceous and Tertiary sediments were derived 
from the uplifting Andes, transported to the basin from the south, west and north-
west. Uplift and shortening along the southern and western edges of the basin and 
progressive west to east deformation gave rise to onlap geometry of the sediments 
from west to east. 
Sediments consist of fanglomerates in the west, separated from low 
deposition-rate glauconitic sandstones in the east by deep-water shales. The 
majority of the sediments on the Magallanes basin are shaley. This is because the 
coarse-grained material derived from the Andes was trapped close to the mountain 
belt edge by a deep trough. Large areas of the basin were therefore sediment 
starved. 
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Bermejo basin: The following description of the Bermejo basin is taken largely 
from Johnson et al. (1986). The Bermejo basin is situated in northern Argentina. 
The sediments are entirely fluvial and, apart from the lowest formation, were 
deposited in an and environment where ephemeral conditions dominated. The 
oldest fluvial sediments are interpreted to be from a braided fluvial system and 
above these, the sediments represent a prograding succession from the distal to 
proximal part of an alluvial fan or braid plain. The lowest part of the alluvial fan 
succession was deposited under low relief distal fan and playa environment, the 
highest part consists of braided stream channels. Throughout the succession there is 
an increase in the proportion of conglomerate and a decrease on the proportion of 
siltstone. Sediment accumulation ceased in this area when the foreland basin was 
progressively destroyed on the side adjacent to the thrust front. 
Comparison with the Himalayan foreland basin: The Andean and Himalayan 
foreland basins contrast in that the Himalayan is a peripheral foreland basin and the 
Andean basin is of retro-arc type. The Himalayan basin has little in common with 
the southerly Andean basin, the Magallanes basin in which the sediments are largely 
marine and the basin is sediment starved. However, it is very like the more 
northerly Andean basin, the Bermejo basin. Both basins received sediment 
deposited under arid, ephemeral conditions, and both basins have the same 
sedimentary style, with the sedimentary succession progressing up-section from a 
distal to proximal alluvial fan or braid plain. 
12.2 Conclusions 
During the course of this research, it has been shown that: 
• the Dagshai Formation stratigraphically overlies the Subathu Formation (sction 
2.3.4). This contradicts the work of Raiverman & Raman (1971) who 
maintained that the Subathu and Dagshai Formations are laterally intertongueing 
facies. 
• the Dagshai Formation is of Late Eocene-Oligocene in age (section 4.6.3) and 
conformably overlies the Subathu Formation (section 3.2); the Oligocene is, 
therefore, not a period of non-deposition in the Himalaya as suggested by 
Gansser (1964), Gupta & Thakur (1974), Wadia (1975) and Krishnan (1982). 
• An Oligocene age for the Dagshai Formation and the conformable, gradational 
contact with the overlying Kasauli Formation (section 3.3.1) strengthens the 
argument for an earliest Miocene age for the Kasauli Formation. 
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• the early Tertiary sediments can be divided into two and probably three 
structural levels (section 2.2). The lowest structural level consists of Subathu, 
Dagshai and Kasauli Formation rocks; the intermediate level comprises Subathu 
and Dagshai Formation lithologies only; and the probable highest structural level 
has only rocks which are possibly correlatable with the Dagshai Formation. The 
highest structural level restores furthest north, the lowest structural level furthest 
south. 
• Comparison of the thickness variations of the lowest and intermediate structural 
level Subathu Formation sequences shows that, in the western area of the basin, 
the foredeep shallows north. This is at variance with the theoretical model of 
foreland basin evolution where the basin deepens towards the orogen. However, 
the depth variations observed could be due to the occurrence of a palaeohigh. 
The presence of a palaeohigh would also explain the entirely Palaeocene fauna 
found at the intermediate structural level Subathu Formation sequence in the 
west of the basin. Furthermore, the near-shore conditions inferred by the facies 
of the intermediate structural level in the east (Dogadda) makes the presence of 
subaerial palaeohighs in this region likely as well. 
• Throughout the study area, the Dagshai Formation is thinner and the Kasauli 
Formation is absent in the more northerly restoring intermediate structural level. 
This is probably because the Kasauli Formation and part of the Dagshai 
Formation were removed by later thrusting as the thrust belt migrated 
southwards. 
• since deposition, the sediments have been buried by thrust sheets to a maximum 
of <9 kms, and subjected to temperatures of <200°C (section 9.5). 
• the Subathu Formation displays a number of sub-facies within its overall 
shallow-marine setting (section 6B.2 and Fig. 12a(i)). After the initial 
transgression, there was a regressive shallowing-up sequence from marine 
mudstones, through marine limestones to intertidal and deltaic deposits, finally 
culminating in Dagshai fresh-water deposits. At the intermediate structural 
level, euxinic conditions characterise the base of the sequence, either as a result 
of the transgression or because the basin was restricted. These basal facies could 
also be present at the base of the lowest structural level, but the base of the 
sequence was never observed in this setting. 
• the Dagshai Formation is of continental facies (section 7B.2 and Fig. 12a(ii)). 
The sediments, which increase in their sandstone:mudstone ratio up sequence, 
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Subathu & Dagshai Fms. 
Fig. 1 2a: Summary diagram showing the evolution of the Himalayan foreland 
basin through (i) Subathu Formation, (ii) Dagshai Formation and (iii) Kasauli 
Formation times 
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were deposited in a semi-arid environment as distal terminal alluvial fans and 
meandering fluvial facies. Sheet-flood deposits are more dominant lower in the 
sequence, channels becoming more established higher up the succession. 
Overall, the sequence was progradational, as might be expected in an 
environment where thrust sheets are propagating southwards. The highest 
structural level sediments formed in a semi-arid playa lake, in embayments and 
hollows between upland areas. 
• the sand-dominated Kasauli Formation was deposited in a humid environment. 
The facies is braided fluvial, possibly part of a stream-dominated alluvial fan 
system (section 813.2 and Fig. 12a(iii)). 
• the early Tertiary clastic sediments were derived from a northerly Himalayan 
source (Table l0e). The provenance of the early Tertiary sediments increases in 
metamorphic grade from the Subathu Formation to the Kasauli Formation 
(section 10.4). 
• The clastic component of the Subathu Formation was most probably derived 
from a mixed source area, dominated by sedimentary rocks but with some low-
grade metamorphic rocks also present. Some influence from the suture zone is 
to be expected (section 10.4.1). 
• A higher proportion of low-grade metamorphic material contributed to the 
Dagshai Formation sediments compared to the Subathu sediments, although 
there is still a sedimentary component. Suture zone material is extremely rare in 
the Dagshai Formation sediments. Ar-Ar dating of the detrital white micas 
suggests, as a source, the Indian plate basement, which was affected by Eo-
Himalayan Barrovian metamorphism but has since been widely overprinted by 
syn-MCT metamorphism (section 10.3.8.1). 
• The Kasauli Formation was derived from a low-medium grade metamorphic 
source, with minor sedimentary input. Mica dates imply that the source area 
had the same protolith as that of the Dagshai Formation, but was 
metamorphosed to higher levels (section 10.3.8.2). 
• although uplift in Subathu Formation times was sufficient to allow some erosion 
and subsequent deposition, major uplift which produced a vast increase in 
eroded material, took place sometime in the later Oligocene (section 11.4). 
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12.3. Evolution of the early Himalayan foreland basin 
The following section describes the tectonic evolution of the Himalayan foreland 
basin in India, synthesising new results from this thesis and early work. Fig. 12a(i-
iii) summarises the facies evolution. 
Initial India-Eurasia collision probably occurred around the Cretaceous-
Tertiary boundary (65 Ma) , with terminal collision around the Late Palaeocene to 
Mid Eocene (see section 1.2.3). The continental collision resulted in loading of the 
Indian plate, causing downwarping of the plate to the south and development of a 
foreland basin. Prior to Palaeocene times, much of the Indian plate was 
experiencing sub-aerial conditions. One exception to this was in the east, where the 
Late Cretaceous Singtali Formation indicates earlier marine conditions. This could 
be the result of obduction of the Spontang ophiolites onto the Indian plate margin 
(Searle 1986; Searle et al. 1988), causing downwarping to the south. 
The continental collision and associated downwarping resulted in a marine 
transgression of the Indian plate. The Subathu Formation, of Palaeocene - Mid 
Eocene age, was deposited with the minor clastic input derived from a dominantly 
sedimentary source, most probably the suture zone and newly uplifted landmass to 
the north. The palaeogeography of the basin was, to some extent, controlled by 
palaeohighs. 
The Subathu Formation shallowing-up marine sequence grades into the 
continental Dagshai Formation at the Eocene-Oligocene boundary. The facies is 
that of a distal terminal alluvial fan, sheet flood, playa lake and meandering fluvial 
facies deposited in a semi-arid environment. At the start of deposition of the 
Dagshai Formation, uplift of the landmass could not have been great, as evidenced 
by the paucity of sandstone deposited in the basin. However, during Dagshai 
Formation times, thrust stacking began, associated with crustal thickening and Eo-
Himalayan Barrovian metamorphism of the Palaeozoic and Mesozoic Indian plate 
margin rocks. The orogen was, therefore, contributing low-grade metamorphic 
material to the basin at this time. The start of major uplift and increased southerly 
thrust propagation manifested itself as an increase in sandstone being delivered to 
the basin. The environment changed from one where sheet floods dominated to one 
where channels became more established. 
An apparent change to a humid environment heralded the transition from the 
Dagshai to the Kasauli Formation at the Oligo-Miocene boundary. This climatic 
change may show that the mountain belt had reached a sufficient elevation that it 
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could influence the weather patterns. The braided fluvial facies, the sandstone-
dominated sediments and all the indicators of an increase in the metamorphic grade 
of the source, point to higher erosion rates, and the exhumation of the orogen to 
slightly deeper metamorphic levels. Deposition of the Kasauli Formation was 
synchronous with movement along the MCT, and this thrusting event was possibly 
responsible for the further increase in erosion at this time. The source rocks from 
which the Kasauli Formation sediments were derived were not affected by the syn-
MCT metamorphic event however. This is because the metamorphism and resetting 
event would have the greatest effect on rocks at depth at that time. It required a time 
lag for these rocks to be exhumed from depth before they could be eroded and 
deposited in the foreland basin. Rocks affected by the syn-MCT metamorphic event 
are not found in the Himalayan foreland basin until Siwalik times (Mid Miocene) 
when higher-grade minerals and detrital micas with young syn-MCT Ar-Ar mica 
ages occur. 
Subsequent to deposition, the early foreland basin sediments and the 
basement rocks on which they were deposited, were involved in thrusting and 
deformation as the thrust stack and foreland basin continued to migrate south. The 
sediments were imbricated within the thrust stack and subjected to burial depths of 
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The objective of this study was to attempt to date the Dagshai and Kasauli 
Formations using palaeomagnetic techniques. The Subathu Formation was dated 
as a control only, as the palaeontological dating is adequate for this formation. 
Since the outcrops were to small and fragmented to permit the use of 
magnetostràtigraphy, the ages were deduced by measuring palaeomagnetic 
inclinations. These inclinations could then be related to palaeolatitude and the 
time at which the Indian plate was estimated to be at that latitude as it drifted 
north. 
This work is the subject of Najman et al. (1994) to which the reader is 
referred. This appendix merely serves to document in detail the techniques used. 
All palaeomagnetic analyses were carried out by R. Enkin at the Pacific 
Geoscience Centre, British Columbia, Canada. 
A.!. Palaeomagnetic inclination dating of the Indian Plate 
Since the breakup of Gondwanaland in the Jurassic, India has been rapidly drifting 
northward at up to 17 cm/yr. (Besse & Courtillot 1988). This allows rocks of the 
Indian plate to be dated using palaeomagnetic inclination. The time-averaged 
inclination of the geomagnetic field varies with geographic latitude. When rocks 
are formed, they can acquire a stable magnetic remanence parallel to the ambient 
magnetic field. In India, as the latitude changed over time with northward motion, 
the magnetic inclination changed. Thus, measuring palaeomagnetic inclination 
gives palaeolatitude which is a measure of age. 
Tectonic events can rotate rocks, and with them the magnetic minerals 
holding their remanence. These rotations must be removed before interpreting the 
direction of magnetization. While bedding offers a measure of palaeohorizontal, it 
is often impossible to undo fully tectonic rotations. This is especially true in 
orogenic regions which have suffered multiple deformations and unmeasurable 
vertical axis rotations. Fortunately, palaeomagnetic inclination is simply the angle 
between the magnetic remanence and palaeohorizontal, and any rotation which 
brings bedding to the horizontal (e.g., rotation around the horizontal strike by the 
dip angle) will correctly restore palaeomagnetic inclination, although the true 
declination may be lost. 
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Calibration of the palaeomagnetic inclination 'clock' requires a series of 
palaeomagnetic poles of known age. While there are few reliable palaeomagnetic 
poles from cratonic India with which to establish a reference apparent polar 
wander path (APWP), poles from other cratons can be transferred to the Indian 
plate using ocean kinematic finite rotations, defined by matching linear oceanic 
magnetic anomalies. Besse and Courtillot (1991) define an APWP for India from 
the present back to 120 Ma by averaging poles from Eurasia, North America, 
Africa and India. From this APWP it is possible to calculate the expected 
palaeolatitude as a function of age for any given locality on the plate. 
A.2. Paleomagnetic study 
The palaeomagnetic measurements and analytical interpretation are the work of R. 
Enkin at the Pacific Geoscience Centre, British Columbia, Canada. 
A.2.1 Methodology 
Oriented hand samples were taken from four Subathu Formation sites, six 
Dagshai Formation sites and seven Kasauli Formation sites located on Fig. 1. The 
Subathu Formation sites allowed a control since adequate palaeontological age 
data already exists for this formation. All the sites had clear bedding and way-up 
indicators. The sites were chosen with varying bedding orientations to allow a 
fold test. At least six samples were collected from each site, spread over 10 to 50 
meters lateral distance to average out small-scale effects. 
Standard 2.5 cm cores were drilled from the samples and they were then 
measured on a robotised Schonstedt SSM- 1 fluxgate magnetometer (which allows 
batches of 15 specimens to be measured unattended) or a Geofyzica JR5-A 
spinner magnetometer. Demagnetisation was done using a Schonstedt TSD-1 
furnace and a Schonstedt GSD-5 tumbling AF demagnetiser. Each sample was 
demagnetised with at least 6 steps to at least 60 mT or 600°C. 
A.2.2 Results of the study 
For the most part, the rocks were very weakly magnetised and incoherent. None 
of the Kasauli Formation sites had any between-sample coherence, although there 
is at least one site from which the samples individually behaved well. It therefore 
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Fig. 1: Locations of the sampling sites in the field area. 
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Similarly, the Subathu sites were generally incoherent, with more present 
field overprint than any other geomagnetic signature. The possible exception was 
site SI from a 20 metre thick thrust sheet near Dagshai Cantonment (Fig. 1). 
While 
specimens from one sample were entirely overprinted by the present field, six 
specimens from the four other measured samples had a shallow NE component 
which became incoherent above 300°C or 30 mT demagnetisation. The Fisher 
average of this component is D = 29.5°, I = 24 . 1 0  in geographic coordinates and D 
= 31.2°, I = -12.7° in stratigraphic coordinates (k = 18.9, a = 22.9°, N = 8 
specimens). 
More satisfactory were the sites from the Dagshai formation (Table I). Site 
D6 provided the •  best data (e.g. Fig. 2, specimen D6-Fb) and all specimens 
behaved identically. Small present field overprints were removed by 200 0C. 
Mean destructive temperatures of 600°C to 650°C, final unbiocking temperatures 
of 680°C to 700°C, and complete stability above 10 mT AF demagnetisation 
clearly indicated hematite as the only magnetic carrier. Fig. 3 shows all the used 
specimens from each site. 
Specimens from site D5 were much more contaminated by present field 
overprints and prone to chemical alterations above 400°C or 500°C 
demagnetisation (e.g. Fig. 2, specimen D5-Fa). Of the 11 usable specimens, only 
3 provided linear demagnetisation components directed to the origin. Great 
circles with sector constraints had to be used to define intersection directions for 
the rest. The resulting mean, using McFadden and McElhinny's (1988) method 
was very well defined. A common problem when defining site means using 
intersecting circles is that the mean is biased towards the antipode of the low 
stability component (Schmidt 1985). In site D5, the mean of the low temperature 
component in geographic coordinates is D = 3.5°, I = 45.9°, k = 17.2, a95  = 12.0°, 
not ignificant1y different from the present dipole field (I = 51°), but far removed 
from the antipode of the intersection of circles plus the three isolated directions. 
Two of the 6 samples contained normal polarity magnetisations, thus providing 
one test of stability. 
The dominant polarity of site D4 was normal (e.g. Fig. 2, specimen D4-Eb), 
but one sample was reversed. In most cases, clear linear demagnetisations to the 
origin with >650°C unblocking temperatures were observed (e.g. Fig. 2, specimen 
D4-Eb), but in some cases only a great circle sector could be determined. The 
mean inclination, using McFadden and McElhinny's method, seems significantly 
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TABLE I: SITE MEANS FROM THE DAGSHAI FORMATION 
site n/N NRM 
(mA/rn) 
Dg 19 DS IS k a9s I 
% Rev 
(mA/rn) 
DI 12/13 1.04 134.0 -36.0 180.4 -37.1 15.1 12.1 9.6 100 
D2 0/12 0.63 incoherent  
D3 0/12 1.07 incoherent  
D4 10/10 1.67 45.5 54.0 25.0 22.6 24.6 10.1 8.0 10 
D5 11/12 0.99 104.2 -61.9 187.4 -38.9 59.4 6.3 5.0 82 
D6 11/11 1.02 174.7 -73.2 218.4 -39.6 96.1 4.7 3.7 100 
n/N = number of specimens used in mean / number measured 
NRM = geometric mean or Natural Remanent magnetisatiOns 
Dg = declination (geographic coordinates) 
DS  = declination (stratigraphic coordinates) 
1g = inclination (geographic coordinates) 
IS  = inclination (stratigraphic coordinates) 
k = Fisher precision parameter 
= circular 95% confidence interval 
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Fig. 2: Orthogonal component demagnetisation diagrams from the Dagshai 
formation. Crosses are for the horizontal plane, diamonds for the vertical plane. 
Demagnetisation temperature steps are given in °C. The linear component used is 
highlighted in grey. Specimen D5-Fa shows an example of low temperature steps 




Fig. 3: Stereographs of all specimens from the four usable Dagshai formation 
sites. Squares and triangles mark the directions isolated from normal and reverse 
polarity specimens. Great circle sectors (solid for lower hemisphere, dashed for 
upper hemisphere) mark the possible positions for the underlying unresolvable 
directions from specimens which did not demagnetise to a stable end point. Note 
that these sectors do not show demagnetisation paths, but rather the extension of 
the demagnetisation paths past their points of termination. Their end-points are 
the antipodes to the low-temperature component. For site D5, normal polarity 
specimens which are flipped to their antipodes are marked as open squares or 
dotted great circle segments. A reverse polarity specimen from site D4 was 
flipped to normal and is marked as a solid triangle. 
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shallower than the other Dagshai sites possibly suggesting that this site is not 
correlative with the others. 
Sites D2 and D3 come from two limbs of a tight fold, and should have 
provided a good fold test. Unfortunately it was often difficult to find any 
components within the noisy demagnetisation curves. No coherence between 
specimens in these sites could be found, so reluctantly these sites were rejected. 
Site Dl was similar to D5. There were considerable present field overprints, 
but great circles with sector constraints were usually well-defined. Two 
specimens (e.g. Fig. 2, specimen DI-Eb) provided good linear components 
directed to the origin. The only rejected specimen was AF demagnetised which is 
not expected to provide reliable results in a rock where the predominant magnetic 
carrier is haematite. 
A.3. Analysis of inclination results 
Fig. 4 shows the mean directions of the four acceptable Dagshai Formation sites. 
Straight Fisher analysis shows that their distribution is tighter after tectonic 
correction than before correction, but this result is deceiving for two reasons. 
Firstly, incremental untilting shows that the precision parameter continues 
increasing even above 150% untilting, which is unreasonable. Second, there is no 
reason to believe that simple untilting around strike lines would properly restore 
the beds to their original relative orientations; one expects vertical axis rotations 
within orogenic zones. 
Since the mean inclinations in stratigraphic coordinates are relatively 
shallow, there is little error in representing the marginal distribution of inclination 
without respect to declination using Gaussian distributions (Demerest 1983; Enkin 
& Watson in preparation). Demerest (1983) showed that the marginal 95% 
confidence interval for mean inclination is approximately 0.79 times the a 95  
circular confidence interval assuming a Fisher distribution. Since our sites were 
defined using combined directions and great circles, the marginal distribution 
confidence intervals may be slightly underestimated. 
In Fig. 5, the likelihood functions for the inclinations of the four usable 
Dagshai sites (after tectonic correction) are plotted. These curves are Gaussian 
distributions with standard deviations of half the 95% confidence intervals (i.e., 
the standard errors). Note that three sites (Dl, D5 and 136) have similar means 
and largely overlapping likelihood curves, while the fourth site (134) is shallower, 
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Fig. 5: Likelihood functions of the mean inclination from the four usable Dagshai 
formation sites, after tectonic correction. The four means refer to the four 
calculation methods listed in Table 2. 
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TABLE 2: SUMMARY RESULTS 
calculation mean I mean/lambda age 
A Dl + D5 + D6 (equal weight) 38.5 ± 1.5 21.7 ± 1.1 34.1 ± 6.1 
B DI + D4 + D5 + D6 (equal weight) —  34.5±8.0 19.0±5.3 38.6± 10.6 
C DI + D5 + D6 (weighted) 39.2 ± 3.6 22.2 ± 2.6 33.3 ± 7.3 
D 	I DI + D4 + D5 + D6 (weighted) 37.3 ± 3.4 	1 20.9 ± 2.3 35.5 ± 6.7 
calculation = sites. included and method of combining inclinations 
mean I = inclination 
mean/lambda = palaeolatitude 
age = age determined from apparent polar wander path 
A-Il 
and thus should not be included in the formation average. On the other hand, with 
so few sites we may just be the victims of a poor sampling of the palaeofield. 
We have several options of how to calculate the mean inclination for the 
Dagshai formation. In palaeomagnetism, unit weight is usually given to all 
'acceptable' sites. Thus, simple arithmetic means are shown for the three-site 
(method A) and four-site (method B) possibilities in Table 2 and Fig. 5. In 
method A, the uncertainty is much smaller than the individual uncertainties of the 
constituent data. This is a case of site means being 'too good' compared to their 
uncertainties. Method A almost certainly under-estimates the confidence limits. 
On the other hand, the uncertainty of method B seems overly wide due to the 
skewed distribution of site means. An alternative approach is to take a weighted 
mean of the data (method C for three sites and D for four sites in Table 2 and Fig. 
3). Weights are proportional to the inverse square of the sites' confidence 
intervals. Our preferred method of combining the data is method D, a weighted 
mean of inclinations from all four acceptable sites. While the coherence between 
the three sites used in method C is so high, there is no external reason to reject site 
D4. Note however (Table 2, Fig. 5) that the final results do not significantly differ 
no matter how the data are combined. 
Before the geological implications of the results can be considered, it must 
first be proven that the isolated remanent directions are primary, or at least early. 
Both magnetic polarities are represented in the data set (sites D4 and D5 have 
mixed polarity), thus providing a positive reversal test. 
A positive fold test is indicated when minimum dispersion of site means 
occurs around 100% untilting (Watson & Enkin 1993). While it is difficult to 
extend Watson and Enkin's parametric resampling routine to the present situation, 
the curve of the confidence interval as a function of degree of untilting shows a 
minimum at 106% untilting for method A (three sites) and 120% for method B 
(four sites). In both cases, the dispersion at 100% untilting is insignificantly 
different from the minimum. On the other hand, dispersion is far greater for in 
situ (0% untilting) sites. Thus we conclude that the remanence is pre-folding. 
Another point in favour of a pre-folding remanence is that the mean inclinations of 
the best-determined sites (D5 and 136) are far steeper in geographic coordinates 
than their present latitude would predict. Since India has never been further North 
than its present position, it is highly unlikely that these results represent a post-
folding remanence. 
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A.4. Dating of the formations 
A.4. I Dating the Dagshai Formation 
To determine the age of the formation, it is first necessary to convert inclination to 
paleolatitude for the site (Table 2). Then the expected paleolatitude for the site 
must be calculated as a function of time using the craton's APWP (taken from 
Besse & Courtillot 1991). Before that is done however, the site must be restored 
to its pre-deformational position with respect to India. Most of the shortening 
takes place along the major thrusts. The direction across strike of these features 
locally is NNE to NE. Magnitude of shortening was determined using the work of 
Srivastava & Mitra (1994) who based their estimates on their field area in the 
Kumaon-Garhwal Himalaya, Uttar Pradesh. Although this region, to the east of 
the Yamuna River, is only of direct relevance to palaeomagnetic site S2 at 
Dogadda, we have used it to estimate shortening in Himachal Pradesh to the east 
as it is the best available data. Srivastava & Mitra drew two cross-sections 
through their area and balanced and restored both. They are more confident of 
their east sections shortening estimate as their knowledge of the structure is better 
for this section. We have taken the estimates for their western section however, 
since it is nearer to the main body of the field area of the present study, and their 
uncertainty of certain structural aspects in the west section does not affect the 
region of interest to us. Based on their section, a shortening estimate of 30 km is 
deduced for the region below the Main Boundary thrust where the palaeomagnetic 
sites are situated. It should be noted that this is a minimum estimate since 
Srivastava & Mitra did not take into account any internal strains or area/volume 
loss due to cleavage development in the thrust sheets. Thus, with a mean 
sampling position of 31.1 °N, 77.0°E, the pre-deformation position was 31 .4°N, 
77.2°E. 
Fig. 6 shows the palaeolatitude of the sampling site with unknown age, and 
the expected paleolatitude of the site as a function of age according to the Indian 
APWP. The uncertainty envelopes are 95% confidence limits. No matter which 
method is used to determine the mean inclination of the Dagshai formation, the 
resulting palaeolatitude falls between the APWP paleolatitude predictions for 28 
and 43 Ma tie points. We estimated the age of magnetisation using linear 
interpolation between those two points, and finding the intersection with the 
formation's palaeolatitude. Using standard propagation of errors techniques, it is 
possible to estimate the uncertainty in the age estimate as a function of the values 
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Fig. 6: The observed paleolatitude of the sampling locality and the expected 
paleolatitude as a function of age according to the Indian APWP (Besse & 
Courtillot, 1991). The intersection gives the age of the Dagshai formation. 
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the uncertainties in the APWP points are similar (delta\lambda = 3.3 and 3.7 
degrees) the resulting uncertainty expression simplifies to be the Pythagorean sum 
of the APWP uncertainty and the formation uncertainty all divided by the slope of 
the APWP palaeolatitude segment. The resulting estimates for the four 
calculation methods are included in Table 2. 
Our preferred result uses method D, giving 35.5 ± 6.7 Ma. Regardless of the 
method, our age estimate is similar. This age corresponds to the Eocene-
Oligocene boundary. 
A.4.2 Dating of the control (Subathu Formation) 
The single usable Subathu formation site has no stability tests, low unblocking 
temperatures and coercivities, and a very large uncertainty. Nevertheless, the 
same technique can be applied to determine its age and see if it is compatible with 
other age constraints. The mean inclination of -12.7° +1- 18.10  gives a 
palaeolatitude of 6.4°S +1- 9.4°. This corresponds to an age of 60.0 +1- 6.4 Ma. 
Remarkably, the confidence limits of this determination are even better than for 
the relatively well-determined Dagshai Formation because the shallow inclination 
leads to small palaeolatitude uncertainty (palaeolatitude varies slowly with 
inclination at low latitudes) and India was moving very rapidly northward around 
the Paleocene (about 17 cm/year, Besse & Courtillot 1988). While not much 
confidence can be placed on this date, it does fit with the Palaeocene to mid-
Eocene age determined from the palaeontology. 
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Appendix B 
K-Ar Datinor of 
Authicykt~ enic Elite 
APPENDIX B 
K-Ar DATING OF AUTHIGENIC ILLITE 
This method involves the separation of authigenic illite from a sample and the 
subsequent dating of the illite using K-Ar isotopes. The work was undertaken at 
S.U.R.R.C., East Kilbride, in collaboration with Brian Davidson. 
B.! Separation of the illite 
The eventual aim of the separation procedure was to produce an illite separate in 
which the grains are <O.lp.m in dimension. This size constraint is necessary in order 
to minimise the possibility of contamination with detrital grains which are usually 
coarser grained. The technique broadly follows the work of Hamilton et al. (1989). 
B.1.1 Methodology 
Six samples were selected: K6 & K5 from the Kasauli Formation, D6, D5 and D4 
from the Dagshai Formation and S3 from the Subathu Formation. 
The exterior surfaces of each sample (minimum 1 Kg sandstone) were removed 
with a rasp and wire brush 
The fresh sample was broken into chips using a geological hammer and reduced 
to <2 mm with a crown mill. 
The chips were put in a plastic bucket and excess 5% H20 2  was added to remove 
organic matter and Mn0 2. Fresh H202 was added until the reaction was complete 
(some samples had finished reacting after two weeks, others required six weeks. The 
slower samples were stirred with a slurry stirrer to speed up the reaction). 
Distilled H20 was poured into the bucket and the fines brought up into suspension 
by swilling the bucket. The suspension was centrifuged at 3000 rpm for 30 minutes, 
and after this the H 202 was poured off and the fine material transferred to a bucket. 
This procedure was repeated until there was no more fine material left in the original 
bucket. The coarse residue was then discarded. 
Citrate buffer (100 ml 1M NaHCO 3 & 800 ml 0.3M Na citrate) was added to the 
sample which was then heated on a hot plate to 60°C for 20 minutes. After this, 5g 
of sodium dithionite, followed by further ig of sodium dithionite were added until 
the reaction was complete. The suspension was put back on the hot plate at 60°C for 
a further 10 minutes. This procedure removed Fe oxide and hydroxide from the 
sample. 
The sample was subjected to repeated rinsing with distilled water and 
centrifugation until the dithionite was removed. 
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viii) The clays were defloculated by adding at least double the sample volume of 1M 
NaCl solution and then placing them on a shaker in a stoppered flask for more than 
24 hours. 
xi) The sample was transferred to dialysis tubing and dialysed in distilled water in 
order to remove the NaCl solution. The water was changed regularly and tested with 
I M AgNO3 . When the addition of AgN0 1 no longer resulted in the water becoming 
cloudy, it was known to be chloride free. 
Size fractionation was achieved using gravity settling and centrifugation. The 
suspension was left to gravity settle in a dreschel bottle for 16 hours and then the 
<lj.tm fraction was removed in suspension using a 5 cm drop. This suspension was 
then ultra-high speed centrifuged at 2750 rpm for 5 minutes to remove the 0.5-1.0 .t 
m fraction. The remaining <0.5J.tm fraction in suspension was ultra-high speed 
centrifuged at 6000 rpm for 26 minutes to remove the 0.1- 0.5 tm fraction. The 
resulting suspension would contain illite of <0.1 p.m dimensions. Unfortunately the 
<0.1 p.m fraction was absent in all of the samples. However samples K6, K5 and D6 
all contained <0.5 p.m fractions and sample S3 contained a <1 p.m fraction. These 
samples were therefore used, being the best available. 
The <0.5 p.m fractions of samples K6, K5 and D6 and the <1 p.m fraction of 
sample S3 were freeze dried as heat drying causes the silicate structures to stick 
together making XRD interpretation difficult. 
XRD analysis was performed to check purity. 
B.1.2 Results 
All the samples analysed contained impurities (mainly chlorite) (Fig. 1(i-iv)). This is 
not surprising since the size fractions were larger than ideal. It was not therefore 
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Fig. 1(i): X-Ray diffraction patterns for sample K6 showing peak intensities of illite 
[(KH30)AI2S13AI0 I O(OH)21 and contaminant chlorite [(MgFe)6(SiAI)40 I O(OH)81 
and salt [NaCl]. 
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Fig. 1(u): X-Ray diffraction patterns for sample K5 showing peak intensities of 
illite [(KH30)AI2SI3AIOIO(OH)2] and contaminant chlorite 
[(MgFe)6(SiAI)40 I O(OH)81. 
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Fig. 1(iii): X-Ray diffraction patterns for sample D6 showing peak intensities of 
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Fig. l(iv): X-Ray diffraction patterns for sample S3 showing peak intensities of 
ii lite [(KH30)AI2S i3A]O I O(OH)2] and contaminant chlorite 
[(MgFe)6(SiAI)40 1 O(OH)8] and calcite [CaCO3]. 
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APPENDIX C 
SINGLE CRYSTAL 40ArP 9Ar DATING OF WHITE MICAS 
This work was funded by N.E.R.C. as part of NIGL AIF Project 1P142810994 awarded 
to M.R.W. Johnson and Y.M.R. Najman. 
Single white micas were hand-picked from the Dagshai and Kasauli 
Formation sandstone samples recorded in Table lOc. The samples were wrapped in 
Al-foil and loaded with packages of sanidine standard 85G003 ICR (age 27.92 Ma), 
in a quartz tube, and irradiated for 24 hours at 1 MW, in the B3 position of the 
Oregon State University TRIGA reactor. The micas were measured isotopically by 
M.S. Pringle and J.R. Wijbrans using the \TULKAAN argon laser probe at the Vrije 
Universiteit, Amsterdam (Wijbrans et al. 1995). Laser incremental heating was 
carried out by step wise increasing of the laser power, using a Spectra Physics 2080 
CW argon ion laser, with a maximum beam intensity, in all lines mode of 221 W. 
The MAP 215-50 noble gas mass spectrometer is a 90 sector magnet instrument 
fitted with a 50mm electrostatic filter after the defining slit. All isotopes were 
measured on the Johnston MM 1 secondary electron multiplier (operated at a gain of 
40,000 instead of 10,000 in order to increase the sensitivity of the mass spectrometer 
for the small single grains studied here). Mass spectrometer discrimination factors 
were determined from repeated measurements of small aliquots of air argon. For 
these experiments, the discrimination factor was determined at 1.0047±0.3% per 
mass unit. The signals were blank corrected using an average blank estimated from 
several blank measurements during the day. 
The data represents 60 separate analyses of 48 individual white mica grains 
from 5 samples. Most are total-fusion or total-gas ages. Step heating experiments 
were performed on 4 grains from 3 samples. The full data table is given below. 
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HM90-29F White Mica J = 0.006428 Total gas age = 61.70 +. 0.40 Ma 
TF1 2.255 0.000615 0.000362 1.80E-15 796 95.1 0.20 0.00 0.00 18.5 24.69 0.65 
TF2 2.343 0.002607 0.000689 2.00E-15 188 91.1 0.20 0.00 0.10 20.9 24.59 0.38 
TF3 2.454 0.002579 0.001048 1.00E-15 190 87.2 0.20 0.00 0.10 10.4 24.64 0.85 
TF4 2.444 0.001808 0.000996 1.50E-15 271 87.8 0.20 0.00 0.00 15.1 24.71 0.64 
TF5 31.780 0.004424 0.001791 1.60E-14 111 98.3 0.00 0.00 0.10 11.3 330.20 1.00 
TF6 2.421 0.003064 0.001590 7.70E-16 160 80.4 0.20 0.00 0.10 8.8 22.44 1.07 
TF7 2.407 0.003067 0.000709 1.50E-15 160 91.1 0.20 0.00 0.10 15.1 25.25 0.61 
r'i 
HM91-9B White Mica J = 0.006438 
TF1 2.461 0.001518 0.001306 1.50E-15 323 84.1 
TF2 2.338 -0.0001 75 0.000433 2.30E-15 2802 94.3 
TF3 8.110 0.001160 0.003298 9.50E-15 423 87.9 
TF4 2.263 0.000922 0.000833 6.00E-15 532 88.9 
TF5 2.285 0.002035 0.001270 2.1OE-15 241 83.4 
TF6 2.365 0.001 327 0.000875 3.30E-15 369 88.9 
TF7 2.329 0.000783 0.000451 1.20E-14 626 94.1 
TF8 3.517 0.001120 0.004866 2.40E-15 438 59.0 
TF9 4.841 0.001455 0.000195 6.90E-15 337 98.7 
HM91-9B White Mica J 	0.006438 
0,16W 7.383 0.008728 0.018497 6.90E-16 56 25.9 
0.25W 1.951 0.000929 0.000073 5.50E-15 527 98.7 
0.40W 1.872 0.007958 0.000022 3.30E-16 62 99.5 
FUSE 1.935 0.000854 0.000079 1.10E-15 574 98.6 
Total gas age = 31.47 +- 0.18 Ma 
0.20 0.00 0.00 4.4 23.89 0.60 
0.20 0.00 0.00 6.3 25.43 0.40 
0.10 0.00 0.00 7.9 80.98 0.39 
0.20 0.00 0.00 17.7 23.23 0.10 
0.20 0.00 0.00 6.7 22.00 0.43 
0.20 0.00 0.00 9.4 24.25 0.25 
0.20 0.00 0.00 32.0 25.27 0.11 
0.10 0.00 0.00 6.9 23.94 0.42 
0.10 0.00 0.20 8.6 54.67 0.26 
Total gas age = 22.15 +- 0.22 Ma 
0.10 0.00 0.00 9.1 22.09 1.28 
0.20 0.00 0.30 72.1 22.22 0.14 
0.20 0.00 9.70 4.5 21.49 1.48 
0.20 0.00 0.30 14.2 22.01 0.58 
Table 1. 40Ar/39Ar Total-fusion and Step-heating Analyses of Single White Mica Grains separated from Himalayan Foredeep SedimentarY Rocks 
Step 40Ar/39Ar 37ArI39Ar 36ArI39Ar 40ArR 	K/Ca •4OArR 4OArK 39ArCa 36ArCa 
39Ar Age (d) s.d. 
(a) (b) (b) (b) (mol. C) (%, C) (%. c) (%, c) (%, C) 1%) 
(Ma) (Ma) 
HM91-12D White Mica J = 0.006417 Total gas age = 46.27 +- 0.25 Ma 
TF1 3.136 0.000698 0.000246 6.40E-15 702 97.6 0.10 0.00 0.10 
12.8 35.07 0.20 
0.16 
TF2 5.688 0.000315 0.000469 1.40E-14 1557 97.5 0.10 0.00 0.00 15.6 
63.07 
44.17 0.23 
TF3 3.965 0.000201 0.000329 7.40E-15 2434 97.4 0.10 0.00 0.00 
11.8 
28.71 0.19 
TF4 2.766 0.001216 0.000886 5.60E-15 403 90.4 0.20 0.00 0.00 
13.7 
28.62 0.26 
TF5 2.635 0.000631 0.000469 3.60E-15 776 94.6 0.20 0.00 0.00 
8.9 
77.79 0.31 
TF6 7.181 0.000844 0.001049 1.70E-14 581 95.6 0.10 0.00 0.00 15.0 27.22 0.45 
TF7 2.464 0.003256 0.000309 2.1OE-15 151 96.1 0.20 0.00 0.30 
5.4 
31.74 0.65 
TF8 2.795 0.001716 0.000083 1.80E-15 286 99.0 0.20 0.00 0.50 3.9 44.83 0.34 
TF9 4.247 0.001150 0.001090 8.20E-15 426 92.3 0.10 0.00 0.00 12.9 
HM91.12D White Mica J = 0.006417 Total gas age = 27.66 +- 0.29 Ma 





0.10W 2.571 0.002646 0.000326 1.10E-15 185 96.1 0.20 0.00 0.20 16.3 27.40 0.21 
0.15W 2.390 0.001160 0.000003 2.90E-15 422 99.8 0.20 0.00 9.80 46.9 0.51 
0.20W 2.459 0.001039 0.000007 1.30E-15 472 99.7 0.20 0.00 3.70 19.9 
28.17 
27.10 0.64 
FUSE 2.366 0.002986 0.000009 9.70E-16 164 99.7 0.20 0.00 8.40 15.6 
HM91.12G White Mica (Coarse) J = 0.006366 Total gas age = 83.51 + 0.43 Ma 
TF1 9.252 0.000042 0.000792 1.90E-14 11613 97.4 0.00 0.00 0.00 18.5 
100.66 0.31 
TF2 2.502 0.001055 0.000566 2.30E-15 465 93.2 0.20 0.00 0.00 9.0 
26.57 0.43 
TF3 3.072 0.000287 0.001994 3.50E-15 1709 80.7 0.10 0.00 0.00 12.8 
28.25 0.39 
TF5 12.323 0.000464 0.000335 2.80E-14 1055 99.2 0.00 0.00 0.00 20.3 
135.15 0.32 
TF6 33.600 0.000214 0.001089 1.10E-14 2294 99.0 0.00 0.00 0.00 3.1 
346.60 1.40 
TF4 6.628 0.000151 0.000744 1.00E-14 3240 96.6 0.10 0.00 0.00 14.2 
72.08 0.28 
TF7 4.767 0.000600 0.001246 3.00E.15 816 92.2 0.10 0.00 0.00 6.2 
49.78 0.51 
TF8 2.617 0.001249 0.000822 9.40E-16 392 90.6 0.20 0.00 0.00 3.6 27.01 
1.03 
TF9 4.093 0.000786 0.000852 5.30E-15 624 93.7 0.10 0.00 0.00 12.4 
43.54 0.27 
Table 1. 4OAr/39Ar Total-fusion and Step-heating Analyses of Single White Mica Grains separated from HImalayan Foredeep SedimentarY Rocks 
Step 4OAr/39Ar 37ArI39Ar 36ArI39Ar 4OArR K/Ca 4OArR 40ArK 	39ArCa 36ArCa 39Ar 
Age (d) s.d. 
(a) (b) (b) (b) (mol, C) (%, C) (%. C) 	(%, C) M. C) M (Ma) 
(Ma) 
HM91-12G White Mica (fine) J = 0.006407 Total gas age = 41.07 + 0.53 Ma 
TF1 2.760 0.001287 0.001871 1.30E-15 381 79.8 0.20 	0.00 0.00 41.7 
25.28 0.58 
TF2 2.807 0.003840 0.000025 4.40E-16 128 99.6 0.20 0.00 4.10 
10.7 32.02 1.69 
TF3 10.311 0.001110 0.000177 2.30E-15 442 99.5 0.00 	0.00 0.20 15.5 
114.79 1.49 
TF4 2.462 0.026730 0.000008 1.20E-15 18 99.8 0.20 0.00 86.10 32.2 
28.18 1.11 
HM91-12G White Mica J = 0.006366 Total gas age = 27.54 +- 0.44 Ma 
0.06W 6.127 0.014231 0.012746 1.40E-16 34 38.5 0.10 	0.00 0.00 3.9 
26.88 6.96 
0.09W 2.485 0.000318 0.000192 2.40E-15 1539 97.5 0.20 0.00 0.00 67.8 
27.62 0.40 
0.11W 2.436 0.000299 0.000002 6.20E-16 1640 99.8 0.20 	0.00 5.20 17.3 
27.70 0.19 
FUSE 2.379 0.000766 0.000024 3.90E-16 640 99.5 0.20 0.00 0.90 11.0 
26.99 1.61 
HM91-12G White Mica J 	0.006366 Total gas age = 85.59 +- 0.79 Ma 
0.7W 7.585 0.000670 0.000170 4.20E-15 731 99.3 0.10 	0.00 0.10 52.2 
84.47 0.64 
0.11W 7.622 0.004269 0.000004 2.10E-15 115 99.9 0.10 0.00 30.40 25.6 
85.42 1.31 
FUSE 8.031 0.002695 0.000461 1.90E-15 182 98.3 0.10 	0.00 0.20 22.2 
88.42 2.11 
HM91-85A White Mica J = 0.006387 Total gas age = 43.69 +- 0.27 Ma 
TF1 	 6.282 	0.000078 	0.000305 	5.40E-15 	6301 	98.5 0.10 0.00 0.00 14.1 69.92 
0.48 
TF2 2.560 0.002143 0.000466 3.50E-15 229 94.5 0.20 0.00 0.10 23.8 27.64 
0.28 
TF3 	 3.512 	0.000545 	0.001878 	2.60E-15 	898 	84.1 0.10 0.00 0.00 14.1 33.70 
0.58 
TF4 2.778 0.001200 	0.001184 4.50E-15 408 87.3 0.20 0.00 0.00 30.4 27.72 
0.19 
TF5 	 2.787 	0.000111 0.000621 	1.80E-15 	4430 	93.3 0.20 0.00 0.00 11.2 29.70 
0.48 
TF6 14.957 0.003087 	0.000832 5.80E-15 159 98.3 0.00 0.00 0.10 6.4 162.00 
1.20 
Samples analyzed by M S Pringle on the VULKAAN system at the Free University Amsterdam (after techniques described in Wijbrans. Pringle, and others, in press). 
TFx: total fusion analysis number x; 	x. xxW: power (watts) of argon laser beam used to heat that step 
Corrected for 37Ar and 39Ar decay, half-lives 35.1 days and 259 years. respectively. 
Subscripts indicate radiogenic (R), calcium-derived (Ca), and potassium-derived (K) argon. 
Lambda E = 0.581E-1 0/yr. lambda B = 4.692E-10/yr. Ages reported relative to 85G003 TCR San @ 27.94 Ma; errors reported as 1 s.d. of analytical precision. 
Appendix D 
Electron Microprobe Analysis 
APPENDIX D 
ELECTRON MICROPROBE ANALYSIS 
Electron microprobe analyses were carried out on detrital garnets, tourmalines, 
white micas and spinels. Analyses were done on a Cameca Camebax Microbeam 
instrument, using PAP correction software supplied by Cameca. The samples 
were analysed at 20kV, with a beam current of 20nA for all minerals except 
micas, which were run using a beam current of lOnA to minimise devolatilisation. 
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Table 1: Spinel electron probe analyses 
Cr#=(Cr/Cr+Al), Mg# = Mg/(Mg+Fe[2+}) 
spine! no. 1 2 3 4 5 6 7 (core) 7 (rim) 
sample 90-32B 90-32B 90-32B 90-32B 90-36A 90-36A 90-36A 90-36A 
wt. % oxide 
MG 15.207 13.155 10.733 0.008 10.443 12.517 10.456 10.317 
AL 46.156 32.86 15.66 0.038 9.899 30.438 24.743 25.194 
CA 0.032 0.109 0.071 0.273 0.315 0.105 0.297 0.484 
MN 0.143 0.244 0.424 0.013 2.063 0.21 0.276 0.283 
SI 0.06 0.062 0.051 0.047 0.145 0.092 0.068 0.094 
TI 0.088 0.072 0.118 100.222 0.052 0.082 0.197 0.21 
CR 18.644 32.837 52.52 0.123 60.465 34.932 40.993 40.075 
FE 13.636 15.521 16.779 0.126 12.776 15.723 18.536 18.757 
FE 0 0.911 0.584 0 0 0.308 0.636 0.792 
TOTAL 93.966 95.772 96.941 100.85 96.159 94.407 96.202 96.206 
stoichiometric values 
MG 5.248 4.782 4.217 0.003 4.224 4.664 3.985 3.927 
AL 12.596 9.445 4.866 0.009 3.166 8.968 7.456 7.584 
CA 0.008 0.029 0.02 0.062 0.092 0.028 0.081 0.132 
MN 0.028 0.05 0.095 0.002 0.474 0.045 0.06 0.061 
SI 0.014 0.015 0.014 0.01 0.039 0.023 0.018 0.024 
TI 0.015 0.013 0.023 15.922 0.011 0.015 0.038 0.04 
CR 3.413 6.332 10.947 0.021 12.973 6.905 8.287 8.092 
FE 2.641 3.166 3.699 0.022 2.9 3.287 3.964 4.006 
FE 0 0.167 0.116 0 0 0.058 0.122 0.152 
TOTAL 23.964 23.998 23.997 16.051 23.878 23.994 24.01 24.02 
Cr# 0.21319 0.40134 0.69228 0.7 0.80383 0.43502 0.52639 0.5162 
Mg# 0.66523 0.60166 0.53272 0.12 0.59293 0.58659 0.50132 0.49502 
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Table 1: continued 
spinet no. 8 9 (core) 9 (rim) 10 (core) 10 (rim) 11 (core) 1 1(rim) 12 (core) 
sample 90-36A 90-36A 90-36A 90-36A 90-36A 90-36A 90-36A 90-35B 
wt.% oxide 
MG 0.035 15.827 15.755 8.883 11.116 10.827 10.927 12.277 
AL 0.03 46.801 46.602 21.584 24.616 23.522 23.581 30.417 
CA 49.498 0.092 0.2 0.378 0.526 0.085 0.132 0.194 
MN 0.043 0.156 0.124 0.979 0.232 0.293 0.243 0.229 
SI 0.015 0.021 0.039 0.674 0.064 0.039 0.051 0.021 
TI 0.003 0.063 0.048 0.127 0.093 0.07 0.058 0.1 
CR 0.004 18.197 18.254 42.418 41.764 43.114 42.947 33.578 
FE 0 13.291 13.333 19.176 17.343 17.664 17.527 16.273 
FE 0.116 0 0 1.137 0.299 0.396 0.503 2.001 
TOTAL 49.745 94.448 94.355 95.354 96.055 96.01 95.969 95.091 
stoichiometric values 
MG 0.031 5.415 5.401 3.478 4.225 4.145 4.18 4.562 
AL 0.021 12.662 12.631 6.683 7.398 7.12 7.133 8.937 
CA 31.769 0.023 0.049 0.106 0.144 0.023 0.036 0.052 
MN 0.022 0.03 0.024 0.218 0.05 0.064 0.053 0.048 
SI 0.009 0.005 0.009 0.177 0.016 0.01 0.013 0.005 
TI 0.002 0.011 0.008 0.025 0.018 0.014 0.011 0.019 
CR 0.002 3.303 3.319 8.811 8.42 8.754 8.715 6.618 
FE -0.012 2.552 2.564 4.213 3.698 3.794 3.762 3.393 
FE 0.052 0 0 0.225 0.057 0.076 0.097 0.375 
TOTAL 31.897 24 24.006 23.937 24.026 23.999 24.001 24.009 
Cr# 0.08696 0.20689 0.20809 0.56867 0.5323 0.55147 0.54991 0.42546 
Mg# 1.63158 0.67968 0.67809 0.45222 0.53326 0.52211 0.52632 0.57348 
El 
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Table 1: continued 
spinel no. 	12 (rim) 13 (core) 13 (rim) 14 (core) 14 (rim) 15 (core) 15 (rim) 17 (core) 
sample 90-35B 90-35B 90-35B 90-35B 90-35B 90-35B 90-35B 93-12C 
wt. % oxide 
MG 12.421 10.72 10.743 11.265 11.061 12.311 12.582 11.08 
AL 30.241 24.108 23.626 17.24 17.245 30.63 30.627 26.058 
CA 0.336 0.042 0.19 0.098 0.409 0.196 0.41 0.16 
MN 0.23 0.315 0.31 0.279 0.276 0.187 0.234 0.263 
SI 0.03 0.026 0.075 0.03 0.036 0.03 0.024 0.053 
TI 0.11 0.133 0.158 0.275 0.264 0.093 0.115 0.083 
CR 33.466 40.641 40.212 49.093 48.356 33.575 33.911 41.224 
FE 15.906 17.891 17.629 16.397 16.52 16.366 16.106 17.687 
FE 2.112 1.951 2.554 2.018 2.291 1.947 2.111 0 
TOTAL 94.851 95.826 95.499 96.695 96.459 95.336 96.119 96.608 
stoichiometric values 
MG 4.623 4.106 4.134 4.393 4.329 4.56 4.622 4.164 
AL 8.901 7.301 7.188 5.316 5.337 8.97 8.897 7.745 
CA 0.09 0.012 0.053 0.027 0.115 0.052 0.108 0.043 
MN 0.049 0.069 0.068 0.062 0.061 0.039 0.049 0.056 
SI 0.007 0.007 0.019 0.008 0.01 0.007 0.006 0.013 
TI 0.021 0.026 0.031 0.054 0.052 0.017 0.021 0.016 
CR 6.608 8.257 8.208 10.156 10.039 6.596 6.608 8.219 
FE 3.322 3.845 3.806 3.588 3.628 3.401 3.32 3.73 
FE 0.397 0.377 0.496 0.397 0.453 0.364 0.392 0 
TOTAL 24.017 23.998 24.002 24,001 24.022 24.008 24.023 23.987 
Cr# 0.42608 0.53072 0.53313 0.65641 0.6529 0.42374 0.42619 0.51485 
Mg# 0.58188 0.51641 0.52065 0.55043 0.54405 0.57279 0.58197 0.52749 
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Table 1: continued 
spinel no. 	17 (rim) 18 (core) 18 (rim) 19 (core) 19 (rim) 
sample 93-12C 	91-8E 	91-8E 	91-8E 	91-8E 
wt. % oxide 
MG 11.003 11.67 11.625 12.648 12.617 
AL 27.014 27.072 26.78 30.404 30.383 
CA 0.276 0 0.006 0.001 0.021 
MN 0.238 0.226 0.281 0.223 0.213 
SI 0.064 0.056 0.101 0.06 0.094 
TI 0.08 0.078 0.088 0.048 0.072 
CR 39.788 39.705 39.932 35.638 35.31 
FE 17.741 16.96 16.936 15.846 15.827 
FE 0 0.003 0.078 0.573 0.667 
TOTAL 96.204 95.77 95.826 95.441 95.204 
stoichiometric values 
MG 4.135 4.384 4.371 4.671 4.669 
AL 8.026 8.042 7.961 8.878 8.89 
CA 0.074 0 0.002 0 0.006 
MN 0.051 0.048 0.06 0.047 0.045 
SI 0.016 0.014 0.025 0.015 0.023 
TI 0.015 0.015 0.017 0.009 0.013 
CR 7.931 7.913 7.964 6.981 6.931 
FE 3.74 3.575 3.573 3.283 3.286 
FE 0 0.001 0.015 0.107 0.125 
TOTAL 23.988 23.991 23.986 23.991 23.988 
Cr# 0.49702 0.49596 0.50009 0.44019 0.43809 
Mg# 0.52508 0.55082 0.55023 0.58725 0.58693 
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Table 2: Tourmaline electron probe analyses 
position = distance in microns along a traverse 
R2 = 2nd traverse run, perpendicular to first run 
rim and core = position in tourmaline where a complete traverse was not done 
tourm.no. 	 1 	1 	1 	1 	1 	1 	1 	1 
position 5 15 25 40 47 57 5 (R2) 15 (R2) 
sample 	 91-30B 91-30B 91-30B 91-30B 91-30B 91-30B 91-30B 91-30B 
wt % oxide 
F 0 0.01 0.111 0 0.392 0.135 0.07 0.4 0.391 
NA20 1.769 1.667 1.709 1.725 1.789 1.547 1.8 2.039 1.729 
MGO 5.105 5.153 5.112 5.243 5.11 4.553 5.024 6.103 5.133 
AL203 34.985 34.75 34.805 35.041 35.213 28.887 34.898 32.821 34.399 
S102 36.71 36.597 36.327 36.575 36.595 45.988 36.295 36.494 36.768 
K20 0.016 0.02 0.024 0.024 0.02 0.017 0.02 0.041 0.051 
CAO 0.386 0.411 0.486 0.446 0.396 0.355 0.423 0.54 0.455 
T102 0.737 0.739 0.787 0.599 0.666 0.604 0.732 0.854 0.804 
FEO 7.334 7.519 7.471 7.357 7.19 6.082 7.501 7.647 7.707 
MNO 0.056 0.054 0.048 0.056 0.056 0.049 0.054 0.013 0.049 
TOTAL 87.097 86.922 86.88 87.067 87.426 88.219 86.817 86.953 87.486 
stoichiometric values 
Boron calculated using method of Henry & Guidotti (1985) 
B 3 3 3 3 3 3 3 3 3 
NA 0.55169 0.52153 0.53592 0.53841 0.55798 0.46579 0.5647 0.64404 0.54068 
MG 1.2237 1.23914 1.23215 1.25783 1.22501 1.05369 1.21146 1.48168 1.23377 
AL 6.63388 6.61031 6.63621 6.65004 6.67773 5.2884 6.6568 6.3033 6.54055 
SI 5.9045 5.90507 5.87517 5.88769 5.88654 7.14133 5.87252 5.94498 5.92995 
K 0.00328 0.00412 0.00495 0.00493 0.0041 0.00337 0.00413 0.00852 0.01049 
CA 0.06652 0.07106 0.08422 0.07693 0.06825 0.05907 0.07334 0.09426 0.07863 
TI 0.08915 0.08968 0.09572 0.07252 0.08057 0.07054 0.08907 0.10463 0.09752 
FE 0.98654 1.01465 1.01052 0.99046 0.96726 0.78987 1.01501 1.04183 1.03954 
MN 0.00763 0.00738 0.00658 0.00764 0.00763 0.00645 0.0074 0.00179 0.00669 
TOTAL 18.4669 18.4629 18.4814 18.4864 18.4751 17.8785 18.4944 18.625 18.4778 
MR 
Table 2: continued 
tourm.no . 	1 	1 	1 	1 	1 	1 	1 	1 	2 
position 25 (R2) 40 (R2) 50 (R2) 65 (R2) 75 (R2) 85 (R2) 100 (R2) 105 (R2) 
sample 	91-30B 91-30B 91-30B 91-30B 91-30B 91-30B 91-30B 91-30B 91-30B 
wt % oxide 
F 0.272 0.181 0.081 0.121 0.04 0.282 0.05 0.241 0.494 
NA20 1.769 1.787 1.771 1.76 1.556 1.778 2.178 2.092 1.828 
MGO 5.162 5.425 5.39 5.269 4.616 5.211 6.074 6.312 3.086 
AL203 33.375 34.448 34.677 35.138 35.4 34.796 32.842 32.901 34.012 
S102 38.306 36.603 36.871 36.772 36:941 36.809 36.543 38.939 35.069 
K20 0.012 0.013 0.02 0.029 0.019 0.028 0.037 0.058 0.047 
CAO 0.508 0.579 0.439 0.406 0.147 0.36 0.56 0.507 0.606 
T102 0.697 0.692 0.662 0.609 0.4 0.674 0.764 0.839 0.734 
FEO 7.73 7.589 7.225 7.208 7.806 7.132 7.849 7.669 11.387 
MNO 0.037 0.058 0.048 0.059 0.07 0.04 0.027 0.027 0.058 
TOTAL 87.868 87.377 87.185 87.372 86.996 87.109 86.924 89.584 87.32 
stoichiometric values 
B 3 3 3 3 3 3 3 3 3 
NA 0.54876 0.55846 0.55212 0.54757 0.48556 0.55547 0.68662 0.63797 0.5867 
MG 1.2308 1.30312 1.29157 1.26 1.10717 1.2513 1.47179 1.47952 0.76129 
AL 6.295 6.54568 6.57321 6.64699 6.71672 6.60963 6.29516 6.10054 6.63728 
SI 6.12849 5.89957 5.92834 5.90034 5.94531 5.93081 5.94147 6.1243 5.80488 
K 0.00245 0.00267 0.0041 0.00594 0.0039 0.00576 0.00767 0.01164 0.00993 
CA 0.08709 0.09999 0.07563 0.0698 0.02535 0.06215 0.09756 0.08544 0.10748 
TI 0.08386 0.08388 0.08005 0.07349 0.04842 0.08167 0.09342 0.09924 0.09137 
FE 1.03429 1.02297 0.97154 0.96728 1.05068 0.96105 1.06728 1.00875 1.57636 
MN 0.00501 0.00792 0.00654 0.00802 0.00954 0.00546 0.00372 0.0036 0.00813 
TOTAL 18.4157 18.5243 18.4831 18.4794 18.3926 18.4633 18.6647 18.551 18.5834 
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Table 2: continued 
Tourm. no. 	2 	2 	2 	2 	2 	2 	2 	2 	2 
position 3 8 23 28 7 (R2) 17 (R2) 32 (R2) 42 (R2) 
sample 	91-30B 91-30B 91-30B 91-30B 91-30B 91-30B 91-30B 91-30B 91-30B 
wt % oxide 
F 0.647 0.466 0.408 0.668 0.144 0.657 0 0 0.514 
NA20 1.903 1.847 1.901 1.882 2.132 1.87 1.883 1.853 1.882 
MGO 3.268 3.399 3.215 3.208 3.387 3.072 3.076 3.14 3.15 
AL203 33.636 33.879 34.395 33.677 32.572 33.626 33.617 33.917 34.272 
S102 35.086 35.292 35.623 35.035 36.588 35.136 35.258 35.161 35.506 
K20 0.047 0.042 0.048 0.043 0.027 0.047 0.048 0.07 0.054 
CAO 0.501 0.642 0.607 0.54 0.071 0.568 0.592 0.602 0.614 
T102 0.649 0.692 0.692 0.641 0.597 0.727 0.709 0.721 0.722 
FEO 11.313 11.149 11.29 11.122 12.218 11.513 11.45 11.3 11.482 
MNO 0.048 0.059 0.071 0.084 0.027 0.057 0.05 0.094 0.085 
TOTAL 87.098 87.467 88.251 86.9 87.764 87.273 86.682 86.859 88.282 
stoichiometric values 
B 3 3 3 3 3 3 3 3 3 
NA 0.61324 0.59092 0.60233 0.60747 0.67916 0.60211 0.60553 0.59444 0.59765 
MG 0.80945 0.83585 0.78297 0.79589 0.82931 0.76027 0.7603 0.77424 0.76887 
AL 6.59052 6.59041 6.62621 6.60937 6.30889 6.5831 6.57299 6.61564 6.61743 
SI 5.83125 5.82332 5.8212 5.83232 6.01118 5.83472 5.84755 5.81739 5.81519 
K 0.00997 0.00884 0.01001 0.00913 0.00566 0.00996 0.01016 0.01478 0.01128 
CA 0.08922 0.11351 0.10628 0.09632 0.0125 0.10107 0.1052 0.10672 0.10775 
TI 0.08112 0.08587 0.08504 0.08025 0.07377 0.09079 0.08843 0.08971 0.08893 
FE 1.57246 1.53853 1.54295 1.54845 1.67879 1.59894 1.58817 1.56358 1.57273 
MN 0.00676 0.00825 0.00983 0.01184 0.00376 0.00802 0.00702 0.01317 0.01179 
TOTAL 18.604 18.5955 18.5868 18.591 18.603 18.589 18.5854 18.5897 18.5916 
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Table 2: continued 
tourm. no. 	3 	3 	3 	3 	3 	3 	3 	3 	3 
position 7 15 22 35 45 55 65 70 5 (R2) 
sample 	91-30B 91-30B 91-30B 91-30B 91-30B 91-30B 91-30B 91-30B 91-30B 
wt % oxide 
F 0.336 0.01 0.366 0.516 0.546 0 0.209 0.537 0.199 
NA20 2.01 1.984 2.061 1.984 2.023 2.042 2 1.998 2.085 
MGO 5.346 5.261 5.482 5.705 5.873 5.694 5.538 5.55 5.817 
AL203 33.322 33.605 33.021 32.965 32.296 32.884 32.961 32.831 32.908 
S102 36.293 36.317 36.34 36.173 36.079 36.088 36.222 36.404 36.115 
K20 0.008 0.016 0.004 0.01 0.029 0.014 0.012 0.019 0.018 
CAO 0.487 0.47 0.523 0.686 0.819 0.609 0.632 0.704 0.764 
T102 0.517 0.444 0.597 0.762 0.881 0.764 0.816 0.879 0.887 
FEO 8.676 8.706 8.594 8.541 8.462 8.429 8.32 8.47 8.271 
MNO 0.052 0.059 0.071 0.052 0.058 0.067 0.061 0.062 0.01 
TOTAL 87.046 86.872 87.059 87.394 87.066 86.59 86.771 87.453 87.075 
stoichiometric values 
B 3 3 3 3 3 3 3 3 3 
NA 0.63642 0.62691 0.65292 0.62773 0.64354 0.64794 0.63404 0.6315 0.65941 
MG 1.30104 1.27776 1.33487 1.3874 1.43601 1.38872 1.34944 1.34829 1.41404 
AL 6.41502 6.45639 6.36056 6.3417 6.24671 6.34435 6.35342 6.3093 6.32807 
SI 5.92656 5.91846 5.93749 5.90269 5.91929 5.90578 5.92232 5.93415 5.89074 
K 0.00167 0.00333 0.00083 0.00208 0.00607 0.00292 0.0025 0.00395 0.00375 
CA 0.08521 0.08207 0.09156 0.11995 0.14398 0.10679 0.11072 0.12296 0.13353 
TI 0.06349 0.05442 0.07336 0.09351 0.1087 0.09403 0.10034 0.10776 0.10881 
FE 1.18488 1.18657 1.17433 1.1656 1.16108 1.15363 1.13768 1.1547 1.12828 
MN 0.00719 0.00814 0.00983 0.00719 0.00806 0.00929 0.00845 0.00856 0.00138 
TOTAL 18.6215 18.614 18.6358 18.6479 18.6735 18.6534 18.6189 18.6212 18.668 
WE 
Table 2: continued 
tourm. no. 3 3 3 3 4 4 4 4 
position 10 (R2) 20 (R2) 30 (R2) 	35 (R2) 40 (R2) 5 15 25 40 
sample 91-30B 91-30B 91-30B 	91-30B 91-30B 91-9B 91-9B 91-9B 91-9B 
wt % oxide 
F 0.406 0.396 0.409 0.19 0 0.534 0.63 0.65 0.908 
NA20 2.101 1.787 1.871 1.965 1.992 2.031 2.034 1.979 2.008 
MGO 5.604 5.281 5.344 6.067 6.039 3.542 3.694 3.6 3.659 
AL203 32.878 33.411 33.549 32.487 32.356 33.849 33.677 33.83 33.658 
S102 36.361 36.676 36.336 36.276 36.438 35.927 35.944 35.914 35.878 
K20 0.008 0.018 0.013 0.02 0.023 0.037 0.042 0.039 0.039 
CAO 0.513 0.476 0.534 0.821 0.803 0.204 0.167 0.185 0.234 
T102 0.644 0.48 0.914 0.944 0.979 0.435 0.499 0.482 0.445 
FEO 8.631 8.635 8.249 7.989 8.097 10.727 10.828 10.761 10.855 
MNO 0.068 0.059 0.061 0.01 0.023 0.108 0.088 0.075 0.088 
TOTAL 87.216 87.219 87.28 86.77 86.751 87.395 87.603 87.515 87.773 
stoichiometric values 
B 3 3 3 3 3 3 3 3 3 
NA 0.66515 0.56385 0.58985 0.62251 0.63017 0.64788 0.64846 0.63117 0.64116 
MG 1.36366 1.28077 1.29493 1.47731 1.46841 0.86845 0.90519 0.8825 0.89801 
AL 6.32877 6.4099 6.43083 6.25769 6.2236 6.56521 6.52805 6.56027 6.53453 
SI 5.93693 5.96838 5.90795 5.92702 5.94503 5.91066 5.91002 5.90739 5.90836 
K 0.00167 0.00374 0.0027 0.00417 0.00479 0.00777 0.00881 0.00818 0.00819 
CA 0.08975 0.083 0.09303 0.14373 0.14038 0.03596 0.02942 0.03261 0.04129 
TI 0.07908 0.05875 0.11176 0.116 0.12013 0.05382 0.0617 0.05963 0.05511 
FE 1.17859 1.1752 1.1217 1.09165 1.10484 1.47594 1.48897 1.48033 1.49501 
MN 0.0094 0.00813 0.0084 0.00138 0.00318 0.01505 0.01226 0.01045 0.01228 
TOTAL 18.653 18.5517 18.5611 18.6415 18.6405 18.5807 18.5929 18.5725 .18.5939 
D-10 
Table 2: continued 
tourm.no. 4 4 4 4 4 4 4 4 
position 50 65 10 (R2) 25 (R2) 40 (R2) 50 (R2) 65 (R2) 75 (R2) 85 (R2) 
sample 91-9B 91-9B 91-913 91-913 91-913 91-913 91-913 91-9B 91-913 
wt % oxide 
F 0.62 0.466 0.768 0.854 0.165 0.485 0.744 0.619 0.552 
NA20 2.066 1.981 2.581 2.549 2.026 2.077 2.039 2.026 1.972 
MGO 3.562 3.586 4.747 5.415 3.616 3.693 3.656 3.172 3.145 
AL203 33.834 33.936 30.777 31.525 34.023 33.62 33.552 35.111 35.155 
S102 36.419 36.004 36.244 36.558 36.053 35.934 35.974 35.82 35.925 
K20 0.042 0.04 0.03 0.033 0.046 0.046 0.042 0.035 0.048 
CAO 0.173 0.176 0.049 0.08 0.164 0.18 0.168 0.15 0.157 
T102 0.352 0.369 0.984 0.694 0.367 0.575 0.492 0.155 0.167 
FEO 10.782 10.544 11.324 9.926 10.743 10.884 10.837 10.64 10.59 
MNO 0.092 0.083 0.021 0.039 0.087 0.083 0.085 0.087 0.062 
TOTAL 87.942 87.185 87.525 87.673 87.29 87.577 87.591 87.815 87.773 
stoichiometric values 
B 3 3 3 3 3 3 3 3 3 
NA 0.65509 0.63183 0.83107 0.81327 0.64403 0.66175 0.651 0.64244 0.62462 
MG 0.86812 0.8791 1.17486 1.32794 0.8835 0.90438 0.89719 0.77311 0.76568 
AL 6.52293 6.58105 6.02556 6.11562 6.57594 6.51295 6.51332 6.7695 6.77047 
SI 5.95566 5.9224 6.01894 6.01562 5.9107 5.9047 5.92359 5.85802 5.86869 
K 0.00876 0.00839 0.00636 0.00693 0.00962 0.00964 0.00882 0.0073 0.01 
CA 0.03031 0.03102 0.00872 0.01411 0.02881 0.03169 0.02964 0.02629 0.02748 
TI 0.04329 0.04565 0.1229 0.08588 0.04525 0.07106 0.06093 0.01906 0.02052 
FE 1.47461 1.45053 1.57275 1.36599 1.47299 1.49574 1.49238 1.45527 1.44682 
MN 0.01274. 0.01156 0.00295 0.00544 0.01208 0.01155 0.01186 0.01205 0.00858 
TOTAL 18.5715 18.5615 18.7641 18.7508 18.5829 18.6035 18.5887 18.563 18.5429 
Table 2: continued 
tourm.no . 4 4 4 5 5 6 6 6 6 
position 95 (R2) 105 v(R2) 115 (R2) rim core 5 10 20 30 
sample 91-913 91-913 91-913 91-913 91-913 91-913 91-913 91-913 91-913 
wt % oxide 
F 0.428 0.388 0.427 0.273 0.059 0.232 0.091 0.161 0.263 
NA20 1.977 2.021 1.976 1.877 1.736 2.37 2.385 2.42 2.265 
MGO 3.107 3.116 3.149 3.819 3.555 6.669 6.551 6.543 5.53 
AL203 34.437 35.155 35.158 32.655 33.091 32.798 33.107 32.625 30.992 
S102 36.571 35.923 35.914 36.58 36.969 36.722 36.647 36.586 40.381 
K20 0.052 0.045 0.036 0.025 0.012 0.038 0.043 0.03 0.012 
CAO 0.153 0.164 0.143 0.085 0.054 0.543 0.524 0.526 0.341 
T102 0.152 0.137 0.152 0.949 0.93 0.977 1.002 0.927 0.487 
FEO 10.423 10.615 10.503 11.207 11.076 6.923 6.814 7.098 6.93 
MNO 0.079 0.097 0.106 0.02 0.023 0.022 0.019 0.017 0.027 
TOTAL 87.378 87.658 87.564 87.49 87.507 87.295 87.182 86.932 87.229 
stoichiometric values 
B 3 3 3 3 3 3 3 3 3 
NA 0.62696 0.6401 0.62626 0.59705 0.54911 0.74282 0.74672 0.76188 0.70357 
MG 0.75733 0.75856 0.7671 0.93372 0.8643 1.60661 1.5765 1.58329 1.32033 
AL 6.64012 6.76996 6.77501 6.31569 6.36414 6.25034 6.30249 6.24513 5.85345 
SI 5.98136 5.86792 5.87032 6.00105 6.03087 5.93601 5.91757 5.94043 6.46922 
K 0.01085 0.00938 0.00751 0.00523 0.0025 0.00784 0.00886 0.00621 0.00245 
CA 0.02681 0.0287 0.02505 0.01494 0.00944 0.09405 0.09066 0.09151 0.05854 
TI 0.0187 0.01683 0.01869 0.11709 0.1141 0.11877 0.12168 0.1132 0.05868 
FE 1.42571 1.45013 1.43578 1.53762 1.51113 0.93592 0.9202 0.96386 0.9285 
MN 0.01094 0.01342 0.01468 0.00278 0.00318 0.00301 0.0026 0.00234 0.00366 
TOTAL 18.4988 18.555 18.5404 18.5252 18.4488 18.6954 18.6873 18.7079 18.3984 
D- 12 
Table 2: continued 
tourm.no. 	6 	6 	6 	6 	6 	 6 	6 	6 
position 40 45 50 5 (R2) 15 (R2) 25 (R2) 35 (R2) 45 (R2) 55 (R2) 
sample 	91-913 	91-9B 	91-913 	91-913 	91-913 	91-913 	91-913 	91-913 	91-913 
wt % oxide 
F 0.03 0.111 0.521 0.271 0.05 0.221 0.323 0.191 0.551 
NA20 2.394 2.395 2.391 2.137 2.115 2.225 2.17 2.271 2.37 
MGO 6.617 6.495 6.619 6.077 6.218 6.306 6.12 6.357 6.559 
AL203 32.653 32.702 32.698 33.456 33.226 33.116 31.731 32.935 32.61 
S102 36.734 36.622 36.824 36.841 36.759 36.588 37.925 36.661 36.434 
K20 0.034 0.022 0.017 0.011 0.007 0.024 0.001 0.022 0.023 
CAO 0.564 0.537 0.529 0.495 0.641 0.583 0.62 0.578 0.569 
T102 0.906 0.904 0.954 0.687 0.787 0.844 0.807 0.857 0.927 
FEO 7.226 7.305 7.193 7.347 7.22 7.221 6.986 7.229 7.278 
MNO 0.027 0.017 0.019 0.026 0.023 0.039 0.034 0.022 0.032 
TOTAL 87.185 87.11 87.765 87.347 87.046 87.168 86.717 87.122 87.353 
stoichiometric values 
B 3 3 3 3 3 3 3 3 3 
NA 0.75092 0.75272 0.74874 0.66914 0.66307 0.69871 0.68296 0.71338 0.74688 
MG 1.5953 1.569 1.59317 1.46258 1.49836 1.52207 1.48048 1.53487 1.58875 
AL 6.22746 6.2492 6.22581 6.36957 6.33356 6.32302 6.07211 6.29047 6.24848 
SI 5.94249 5.93614 5.94727 5.9495 5.94355 5.92568 6.15594 5.9394 5.92165 
K 0.00702 0.00455 0.0035 0.00227 0.00144 0.00496 0.00021 0.00455 0.00477 
CA 0.09776 0.09327 0.09155 0.08565 0.11105 0.10117 0.10783 0.10034 0.09909 
TI 0.11023 0.1102 0.11588 0.08344 0.0957 0.1028 0.09851 0.10442 0.11331 
FE 0.97763 0.99028 0.97157 0.99228 0.97633 0.97808 0.94836 0.97947 0.98929 
MN 0.0037 0.00233 0.0026 0.00356 0.00315 0.00535 0.00467 0.00302 0.00441 
TOTAL 18.7125 18.7077 18.7001 18.618 18.6262 18.6618 18.5511 18.6699 18.7166 
D-13 
Table 2: continued 
tourm. no. 6 6 7 7 7 7 7 7 7 
position 70 (R2) 80(R2) 5 10 15 20 25 5 (R2) 10(R2) 
sample 91-9B 91-913 90-32C 90-32C 90-32C 90-32C 90-32C 90-32C 90-32C 
wt % oxide 
F 0.04 0.06 0.106 0.564 0.44 0.192 0.592 0.374 0.516 
NA20 2.398 2.324 2.002 1.957 2.079 2 2.065 2.012 2.031 
MGO 6.579 6.375 2.218 2.268 2.386 2.489 2.414 2.454 2.293 
AL203 32.415 32.519 34.35 34.28 34.117 33.94 33.938 34.07 34.165 
S102 36.667 36.813 35.354 35.129 35.29 35.23 35.114 35.187 35.221 
K20 0.022 0.107 0.047 0.052 0.055 0.071 0.043 0.064 0.039 
CAO 0.544 0.534 0.452 0.435 0.445 0.465 0.483 0.5 0.432 
T102 0.974 0.937 0.43 0.447 0.394 0.414 0.387 0.636 0.429 
FEO 7.301 7.207 12.49 12.53 12.474 12.386 12.436 12.474 12.524 
MNO 0.022 0.01 0.106 0.096 0.12 0.093 0.098 0.105 0.096 
TOTAL 86.962 86.887 87.555 87.758 87.799 87.279 87.571 87.875 87.745 
stoichiometric values 
B 3 3 3 3 3 3 3 3 3 
NA 0.75454 0.73126 0.64088 0.62862 0.66676 0.64312 0.66527 0.64456 0.65219 
MG 1.59114 1.54181 0.54574 0.55996 0.58816 0.61518 0.59776 0.60426 0.56596 
AL 6.20156 6.22149 6.68591 6.69517 6.6528 6.63579 6.64788 6.63632 6.67063 
SI 5.95036 5.97408 5.83693 5.81968 5.8371 5.8426 5.83432 5.81366 5.83311 
K 0.00455 0.02215 0.0099 0.01099 0.01161 0.01502 0.00912 0.01349 0.00824 
CA 0.09459 0.09285 0.07996 0.07722 0.07887 0.08263 0.08599 0.08852 0.07666 
TI 0.11887 0.11436 0.05339 0.05569 0.04901 0.05164 0.04836 0.07903 0.05343 
FE 0.99089 0.97814 1.72458 1.73604 1.72555 1.71791 1.72809 1.72365 1.73467 
MN 0.00302 0.00137 0.01482 0.01347 0.01681 0.01306 0.01379 0.01469 0.01347 
TOTAL 18.7095 18.6775 18.5921 18.5968 18.6267 18.6169 18.6306 18.6182 18.6084 
D-14 
Table 2: continued 
tourm.no . 	7 	7 	7 	7 	7 	7 	7 	8 	8 
position 15 (R2) 20 (R2) 25 (R2) 30 (R2) 35 (R2) 40 (R2) 45 (R2) 3 8 
sample 	90-32C 90-32C 90-32C 90-32C 90-32C 90-32C 90-32C 91-8E 	91-8E 
wt % oxide 
F 0.402 0.506 0.429 0.335 0.725 . 0.716 0.507 0.152 0.304 
NA20 2.025 2.019 2.026 2.072 2.027 2.025 2.007 1.862 1.895 
MGO 2.436 2.338 2.368 2.437 2.432 2.361 2.298 1.758 1.731 
AL203 34.068 34.182 34.132 34.095 34.032 34.246 34.31 34.174 33.996 
S102 35.303 35.11 35.114 35.123 35.142 35.196 35.362 34.86 34.682 
K20 0.054 0.069 0.055 0.059 0.049 0.059 0.057 0.076 0.061 
CAO 0.449 0.434 0.43 0.438 0.452 0.476 0.494 0.358 0.294 
T102 0.432 0.435 0.392 0.405 0.422 0.419 0.417 0.879 0.904 
FEO 12.544 12.73 12.746 12.489 12.496 12.489 12.483 12.714 12.69 
MNO 0.107 0.106 0.097 0.087 0.075 0.094 0.105 0.229 0.258 
TOTAL 87.82 87.928 87.79 87.54 87.853 88.08 88.04 87.061 86.818 
stoichiometric values 
B 3 3 3 3 3 3 3 3 3 
NA 0.64913 0.64801 0.6507 0.66589 0.65185 0.64937 0.64207 0.60107 0.61471 
MG 0.60021 0.57677 0.58457 0.60198 0.60113 0.58194 0.56507 0.43619 0.43159 
AL 6.64011 6.67059 6.66539 6.66234 6.65429 6.6773 6.67387 6.70751 6.70515 
SI 5.8365 5.81179 5.81643 5.82157 5.82845 5.82099 5.83454 5.8037 5.80226 
K 0.01139 0.01457 0.01162 0.01248 0.01037 0.01245 0.012 0.01614 0.01302 
CA 0.07954 0.07698 0.07632 0.07779 0.08033 0.08435 0.08734 0.06386 0.0527 
TI 0.05371 0.05415 0.04883 0.05048 0.05264 0.05212 0.05174 0.11006 0.11374 
FE 1.73441 1.76231 1.76573 1.73122 1.7333 1.72745 1.72252 1.77025 1.77554 
MN 0.01498 0.01486 0.01361 0.01221 0.01054 0.01317 0.01467 0.03229 0.03656 
TOTAL 18.62 18.63 18.6332 18.636 18.6229 18.6192 18.6038 18.5411 18.5453 
INIMIR 
Table 2: continued 
tourm.no. 	8 	8 	8 	8 	8 	8 	 8 	8 
position 13 18 23 28 5 (R2) 10 (R2) 15 (R2) 20 (R2) 27 (R2) 
sample 	91-8E 	91-8E 	91-8E 	91-8E 	91-8E 	91-8E 	91-8E 	91-8E 	91-8E 
wt % oxide 
F 0.495 0.03 0 0.01 0.169 0.202 0.455 0.715 0.464 
NA20 2.021 2.86 2.63 2.84 2.239 1.805 1.828 1.853 1.894 
MGO 2.316 5.082 4.517 4.921 3.887 1.714 1.572 1.638 1.724 
AL203 33.821 31.298 30.263 28.169 30.643 33.688 34.013 33.893 33.825 
S102 34.781 36.83 36.46 38.096 36.404 34.954 34.783 34.81 34.947 
K20 0.046 0.052 0.041 0.047 0.031 0.047 0.06 0.042 0.06 
CAO 0.224 0.111 0.214 0.049 0.088 0.281 0.256 0.25 0.217 
T102 0.761 0.023 0.028 0.057 0.028 0.831 0.834 0.864 0.836 
FEO 12.514 11.07 12.788 12.939 12.977 13.098 12.668 12.854 12.966 
MNO 0.27 0.048 0.057 0.019 0.059 0.227 0.253 0.272 0.319 
TOTAL 87.254 87.404 87.015 87.162 86.525 86.862 86.728 87.193 87.27 
stoichiometric values 
B 3 3 3 3 3 3 3 3 3 
NA 0.65359 0.91281 0.8513 0.91715 0.72841 0.58524 0.59394 0.6014 0.61307 
MG 0.5757 1.24671 1.12381 1.2215 0.97197 0.42715 0.39259 0.40861 0.42893 
AL 6.65039 6.07369 5.95608 5.53116 6.06141 6.64127 6.71948 6.6883 6.65719 
SI 5.80117 6.06248 6.08664 6.34508 6.10807 5.84501 5.82868 5.8267 5.83412 
K 0.00979 0.01092 0.00873 0.00999 0.00664 0.01003 0.01283 0.00897 0.01278 
CA 0.04003 0.01958 0.03828 0.00874 0.01582 0.05035 0.04597 0.04484 0.03882 
TI 0.09546 0.00285 0.00352 0.00714 0.00353 0.10451 0.10511 0.10876 0.10496 
FE 1.7456 1.52395 1.78541 1.80233 1.82098 1.83176 1.77536 1.79942 1.81028 
MN 0.03815 0.00669 0.00806 0.00268 0.00839 0.03215 0.03591 0.03857 0.04511 
TOTAL 18.6099 18.8597 18.8618 18.8458 18.7252 18.5275 18.5099 18.5256 18.5453 
D- 16 
Table 2: continued 
tourm.no. 	8 	8 	8 	8 	9 	9 	9 	9 	9 
position 34 (R2) 40 (R2) 47 (R2) 55 (R2) 3 7 12 17 3 (R2) 
sample 	91-8E 	91-8E 	91-8E 	91-8E 	918E 	91-8E 	91-8E 	91-8E 	91-8E 
wt % oxide 
F 0.293 0.334 0.364 0.404 0.01 0.308 0.492 0.186 0.243 
NA20 1.96 1.864 1.851 1.814 2.593 2.681 2.784 2.761 3.409 
MGO 1.796 1.703 1.64 1.771 6.533 6.34 6.156 6.433 5.016 
AL203 34.07 33.624 33.692 33.8 29.895 29.842 30.435 30.163 28.993 
S102 34.785 34.612 34.714 35.24 36.766 36.849 36.952 36.868 41.027 
K20 0.052 0.059 0.07 0.122 0.03 0.033 0.028 0.03 0.025 
CAO 0.229 0.301 0.325 0.341 0.291 0.13 0.076 0.137 0.943 
T102 0.856 0.897 0.889 0.879 0.766 0.559 0.375 0.622 0.242 
FEO 12.755 12.681 12.873 13.051 9.092 9.588 9.291 9.059 7.635 
MNO 0.315 0.265 0.218 0.238 0.032 0.022 0.045 0.005 0.003 
TOTAL 87.123 86.34 86.647 87.674 86.035 86.358 86.67 86.27 87.548 
stoichiometric values 
B 3 3 3 3 3 3 3 3 3 
NA 0.63384 0.60829 0.60256 0.5841 0.83363 0.86312 0.89317 0.88608 1.06622 
MG 0.44642 0.42716 0.41035 0.43831 1.61435 1.56884 1.51802 1.58685 1.20585 
AL 6.69908 6.67167 6.66871 6.61737 5.84371 5.84148 5.93689 5.88575 5.5136 
SI 5.8016 5.82538 5.82817 5.85217 6.09605 6.11833 6.11415 6.10224 6.61797 
K 0.01106 0.01267 0.01499 0.02585 0.00635 0.00699 0.00591 0.00633 0.00514 
CA 0.04092 0.05428 0.05847 0.06068 0.0517 0.02313 0.01347 0.0243 0.16299 
TI 0.10737 0.11354 0.11225 0.10978 0.09552 0.0698 0.04666 0.07743 0.02936 
FE 1.77915 1.78495 1.80752 1.81259 1.26077 1.33141 1.28569 1.25399 1.03001 
MN 0.0445 0.03778 0.031 0.03348 0.00449 0.00309 0.00631 0.0007 0.00041 
TOTAL 18.5639 18.5357 18.534 18.5343 18.8066 18.8262 18.8203 18.8237 18.6316 
D-17 
Table 2: continued 
tourm.no. 	9 	9 	9 	9 	9 	 10 	10 	10 
position 8 (R2) 13 (R2) 17 (R2) 22 (R2) 24 (R2) 3 	7 12 17 
sample 	91-8E 	91-8E 	91-8E 	91-8E 	91-8E 	 91-12C 91-12C 91-12C 
wt. % oxide 
F 0.433 0.328 0.339 0.218 0.148 0.364 0.376 0.293 0.347 
NA20 2.662 2.763 2.75 2.536 2.232 1.836 1.812 1.944 1.82 
MGO 6.201 6.319 6.233 6.521 6.782 5.74 5.972 5.939 6.067 
AL203 29.254 29.681 29.619 29.656 30.958 30.044 29.912 29.987 30.52 
S102 36.714 36.772 36.781 36.601 36.663 36.006 35.902 36.293 36.721 
K20 0.04 0.037 0.027 0.039 0.027 0.051 0.037 0.041 0.053 
CAO 0.178 0.127 0.092 0.262 0.635 1.54 1.629 1.441 1.717 
T102 1.238 0.836 0.817 1.248 0.931 1.086 1.088 1.029 1.056 
FEO 9.681 9.759 9.723 9.038 7.423 10.108 10.008 10.027 10.01 
MNO 0.031 0.034 0.019 0.017 0.012 0.046 0.052 0.048 0.056 
TOTAL 86.432 86.665 86.423 86.152 85.839 86.845 86.795 87.052 88.383 
stoichiometric values 
B 3 3 3 3 3 3 3 3 3 
NA 0.85917 0.88844 0.88635 0.81632 0.71324 0.59217 0.58486 0.62442 0.576 
MG 1.53833 1.56175 1.54413 1.61339 1.66576 1.42299 1.48159 1.46625 1.47584 
AL 5.74088 5.80294 5.80447 5.80422 6.01498 5.89188 5.8703 5.85643 5.87294 
SI 6.11135 6.09816 6.11404 6.07626 6.04229 5.9894 5.97648 6.01223 5.99374 
K 0.00849 0.00783 0.00573 0.00826 0.00568 0.01082 0.00786 0.00867 0.01104 
CA 0.03175 0.02257 0.01639 0.04661 0.11214 0.27449 0.29056 0.25578 0.30029 
TI 0.15498 0.10427 0.10214 0.15582 0.11539 0.13586 0.13621 0.1282 0.12963 
FE 1.34773 1.35351 1.3517 1.25485 1.02312 1.40621 1.39332 1.38918 1.36645 
MN 0.00437 0.00478 0.00268 0.00239 0.00168 0.00648 0.00733 0.00674 0.00774 
TOTAL 18.7971 18.8442 18.8276 18.7781 18.6943 18.7303 18.7485 18.7479 18.7337 
D-18 
Table 2 continued 
tourm.no. 10 10 10 10 10 10 10 10 11 
position 16 8 (R2) 10 9r20 20 (R2) 30 (R2) 40 (R2) 50 (R2) 55 (R2) 
sample 91-12C 91-12C 91-12C 91-12C 91-12C 91-12C 91-12C 91-12C 91-52B 
wt % oxide 
F 0.284 1.385 0.463 0.724 0.41 0.463 0.148 0.557 0.359 
NA20 1.825 1.848 1.794 1.879 1.856 1.84 1.821 1.818 1.898 
MGO 5.954 5.961 5.919 5.946 6.015 5.785 5.881 5.657 6.569 
AL203 30.174 29.981 29.862 30.023 30.023 30.312 29.987 30.35 31.684 
S102 36.261 36.156 36.242 35.968 36.122 36.115 36.006 36.133 36.456 
K20 0.043 0.049 0.06 0.055 0.048 0.034 0.054 0.042 0.023 
CAO 1.578 1.55 1.494 1.552 1.612 1.664 1.49 1.368 0.623 
T102 1.101 1.286 1.289 1.138 1.066 0.957 1.096 0.984 0.527 
FEO 10.035 10.107 10.063 9.906 9.947 9.858 10.042 9.795 7.875 
MNO 0.049 0.034 0.048 0.05 0.032 0.032 0.068 0.049 0.026 
TOTAL 87.316 88.366 87.257 87.263 87.132 87.073 86.619 86.763 86.11 
stoichiometric values 
B 3 3 3 3 3 3 3 3 3 
NA 0.58447 0.59271 0.57627 0.60537 0.59651 0.59157 0.58725 0.58616 0.60653 
MG 1.46562 1.46951 1.46139 1.47242 1.48589 1.42959 1.45773 1.40193 1.6135 
AL 5.87557 5.84662 5.83235 5.88123 5.86694 5.92553 5.87984 5.94981 6.15623 
SI 5.98921 5.98069 6.00411 5.97644 5.98744 5.98842 5.98852 6.00843 6.00836 
K 0.00906 0.01034 0.01268 0.01166 0.01015 0.00719 0.01146 0.00891 0.00484 
CA 0.27927 0.27472 0.2652 0.27632 0.28631 0.29565 0.26554 0.24375 0.11002 
TI 0.13676 0.15998 0.1606 0.14221 0.13289 0.11934 0.13709 0.12306 0.06532 
FE 1.38619 1.3982 1.39425 1.37658 1.37891 1.36707 1.39682 1.36219 1.08546 
MN 0.00686 0.00476 0.00674 0.00704 0.00449 0.00449 0.00958 0.0069 0.00363 
TOTAL 18.733 18.7375 18.7136 18.7493 18.7495 18.7289 18.7338 18.6911 18.6539 
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Table 2: continued 
tourm.no. 	12 	13 	13 	14 	14 	15 	15 	16 	17 
position 
sample 	91-52B 93-12C 93-12C 93-19B 93-19B 93-19B 93-19B 91-lOB 91-lOB 
wt % oxide 
F 0.029 0.15 0.343 0.209 0.158 0.047 0.108 0.449 0.308 
NA20 2.057 1.572 1.752 1.979 2.606 0.009 2.015 1.766 2.017 
MGO 7.032 4.369 4.389 7.846 7.894 3.253 6.123 3.719 3.263 
AL203 32.056 33.501 32.838 30.8 31.21 20.857 31.865 33.354 33.207 
S102 37.029 35.643 35.491 37.138 36.843 36.511 36.323 35.407 35.925 
K20 0.018 0.042 0.04 0.039 0.035 0.01 0.04 0.086 0.037 
CAO 0.551 0.53 0.533 0.402 0.397 2.044 0.603 0.659 0.305 
T102 0.589 0.914 0.979 0.29 0.259 0.027 1.148 0.926 0.926 
FEO 6.558 9.152 9.014 6.349 6.56 36.51 7.989 10.547 11.223 
MNO 0.043 0.049 0.058 0.041 0.05 0.46 0.027 0.067 0.079 
TOTAL 85.99 85.936 85.468 85.127 86.042 99.729 86.285 87.004 87.308 
stoichiometric values 
B 3 3 3 3 3 3 3 3 3 
NA 0.65045 0.50379 0.56637 0.63268 0.82788 0.00289 0.64166 0.56652 0.64485 
MG 1.70912 1.07621 1.09055 1.92799 1.92754 0.80296 1.49868 0.917 0.80183 
AL 6.16326 6.52796 6.45452 5.98705 6.02845 4.07258 6.16971 6.50574 6.45506 
SI 6.03886 5.89124 5.91722 6.12341 6.03642 6.04719 5.96548 5.85801 5.92352 
K 0.00375 0.00886 0.00851 0.0082 0.00732 0.00211 0.00838 0.01815 0.00778 
CA 0.09629 0.09386 0.09522 0.07102 0.0697 0.36275 0.10611 0.11683 0.05389 
TI 0.07224 0.11361 0.12275 0.03596 0.03191 0.00336 0.14179 0.11522 0.11483 
FE 0.89446 1.2651 1.25688 0.8755 0.89888 5.05728 1.09731 1.45937 1.54763 
MN 0.00594 0.00686 0.00819 0.00573 0.00694 0.06454 0.00376 0.00939 0.01103 
TOTAL 18.6344 18.4875 18.5202 18.6675 18.835 19.4157 18.6329 18.5662 18.5604 
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Table 2: continued 
tourm.no. 28 19 20 21 22 23 24 24 25 
position 
sample 91-12F 91-12F 93-B 93-B 93-13-17 93-C3 93-C4 93-05 
wt % oxide 
F 0.358 0.235 0.436 1.16 0.579 0.234 0 0.065 0.036 
NA20 1.646 1.984 1.886 2.153 1.789 1.465 1.684 1.805 1.804 
MGO 4.324 6.296 6.097 11.587 2.734 6.082 5.172 5.274 5.642 
AL203 34.539 30.297 30.087 30.153 33.107 34.049 33.103 32.568 34.159 
S102 34.855 35.893 37.249 38.398 35.45 36.488 36.248 36.34 36.646 
K20 0.06 0.031 0.025 0.024 0.037 0.036 0.02 0.019 0.055 
CAO 1.103 0.593 0.407 0.637 0.164 0.95 0.432 0.553 0.602 
T102 1.248 1.226 1.291 0.636 0.158 0.4 0.791 0.887 0.529 
FEO 8.954 9.18 8.865 1.338 11.544 6.416 7.491 8.152 6.834 
MNO 0.039 0.023 0.01 0 0.08 0.035 0 0.032 0.041 
TOTAL 87.149 85.784 86.376 86.102 85.642 86.26 84.97 85.765 86.389 
stoichiometric values 
B 3 3 .3 3 3 3 3 3 3 
NA 0.52321 0.64173 0.60358 0.67178 0.58443 0.46177 0.53941 0.57676 0.56723 
MG 1.05644 1.56528 1.49978 2.77887 0.6865 1.4735 1.27335 1.29531 1.36354 
AL 6.67537 5.95844 5.85459 5.7205 6.57606 6.52551 6.44707 6.32749 6.5305 
SI 5.71404 5.98764 6.14815 6.17909 5.97276 5.93161 5.98813 5.98877 5.94265 
K 0.01255 0.0066 0.00526 0.00493 0.00795 0.00747 0.00422 0.00399 0.01138 
CA 0.19375 0.106 0.07198 0.10984 0.02961 0.16548 0.07647 0.09765 0.1046 
TI 0.15387 0.15381 0.16025 0.07697 0.02002 0.0489 0.09827 0.10993 0.06452 
FE 1.22764 1.28075 1.22373 0.18007 1.62664 0.87229 1.03496 1.12355 0.92684 
MN 0.00542 0.00325 0.0014 0 0.01142 0.00482 0 0.00447 0.00563 
TOTAL 18.5623 18.7035 18.5687 18.722 18.5154 18.4914 18.4619 18.5279 18.5169 
D-2 1 
Table 2: continued 
tourm.no. 	26 	27 	28 	29 	29 	30 	31 	32 	33 
position 
sample 	93-12C 90-29B 90-29B 91-85A 91-85A 91-85A 91-12G 91-12G 91-53Hi 
wt % oxide 
F 0.058 0.227 0.641 0 0.305 0.448 0.309 0.373 0.242 
NA20 1.771 1.704 1.99 2.045 2.096 1.487 2.132 2.087 1.596 
MGO 5.309 3.371 5.599 5.511 6.488 2.267 6.107 6.019 4.298 
AL203 32.98 34.699 31.807 33.333 32.782 34.376 32.464 30.603 33.808 
S102 36.655 36.237 36.486 38.956 37.185 35.508 36.815 37.985 36.826 
K20 0.02 0.041 0.028 0.054 0.029 0.064 0.023 0.025 0.017 
CAO 0.642 0.273 0.452 0.624 0.451 0.469 0.395 0.306 0.299 
T102 1.007 0.51 0.512 0.956 0.731 0.966 0.609 0.806 0.492 
FEO 8.125 9.166 8.392 9.063 7.177 11.892 7.148 8.185 9.309 
MNO 0.07 0.088 0 0 0 0.026 0.045 0.021 0.043 
TOTAL 86.645 86.321 85.926 90.574 87.274 87.528 86.068 86.414 86.999 
stoichiometric values 
B 3 3 3 3 3 3 3 3 3 
NA 0.55963 0.54204 0.63968 0.61966 0.65659 0.47539 0.6771 0.66315 0.50449 
MG 1.28948 0.82421 1.38335 1.28352 1.56216 0.55707 1.49077 1.47004 1.04425 
AL 6.33662 6.71123 6.21656 6.1412 6.24392 6.68218 6.26887 5.91253 6.49773 
SI 5.97382 5.94497 6.04876 6.08787 6.00761 5.85466 6.0301 6.22493 6.00356 
K 0.00416 0.00858 0.00592 0.01077 0.00598 0.01346 0.00481 0.00523 0.00354 
CA 0.11211 0.04799 0.08029 0.10449 0.07807 0.08286 0.06933 0.05373 0.05223 
TI 0.12343 0.06292 0.06384 0.11236 0.08882 0.11979 0.07502 0.09934 0.06032 
FE 1.10743 1.25763 1.16354 1.18451 0.96973 1.63986 0.97917 1.1218 1.26921 
MN 0.00966 0.01223 0 0 0 0.00363 0.00624 0.00292 0.00594 
TOTAL 18.5163 18.4118 18.6019 18.5444 18.6129 18.4289 18.6014 18.5537 18.4413 
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Table 2: continued 
tourm. no. 34 	35 	36 	37a 37a 37a 37b 37b 37b 
position core core core core rim rim 
sample 91-53Hi 	90-37A 	90-37A 	90-36A 90-36A 90-36A 90-32B 90-32B 90-32B 
wt % oxide 
F 0.591 0.157 0.1 1.054 2.884 1.012 0.217 0 0 
NA20 1.932 1.471 2.034 , 0.003 0.034 0.009 1.857 1.898 2.003 
MGO 3.691 6.395 5.621 18.303 12.35 17.707 6.185 6.197 6.199 
AL203 32.128 28.986 32.568 48.126 23.575 46.753 30.075 30.334 29.861 
S102 36.017 35.666 36.374 0.047 0.078 0.031 35.112 35.296 35.311 
K20 0.033 0.069 0.047 0.014 0 0 0.139 0.139 0.158 
CAO 0.105 2.092 0.358 0.072 0.089 0.094 0.726 0.74 0.663 
T102 1.011 0.921 0.385 0.054 0.088 0.073 0.458 0.429 0.439 
FEO 10.666 9.842 8.685 12.959 18.1 13.381 9.398 9.242 9.741 
MNO 0.11 0.084 0.046 0.154 0.27 0.142 0 0.029 0.009 
TOTAL 86.319 85.74 86.232 80.786 57.468 79.202 84.167 84.304 84.384 
stoichiometric values 
B 3 3 3 3 3 3 3 3 3 
NA 0.62481 0.4802 0.64855 0.00115 0.02129 0.00354 0.61328 0.62357 0.6597 
MG 0.91748 1.60459 1.37758 5.40625 5.94288 5.35836 1.57001 1.56491 1.56928 
AL 6.31748 5.75331 6.31396 11.245 8.97404 11.1919 6.03913 6.05958 5.97984 
SI 6.00731 6.00477 5.98155 0.00932 0.02519 0.00629 5.98049 5.98068 5.99802 
K 0.00702 0.01482 0.00986 0.00354 0 0 0.0302 0.03005 0.03424 
CA 0.01877 0.3774 0.06308 0.01529 0.03079 0.02045 0.1325 0.13435 0.12067 
TI 0.12682 0.11662 0.04761 0.00805 0.02137 0.01115 0.05867 0.05467 0.05608 
FE 1.48782 1.3858 1.19445 2.14802 4.88768 2.27232 1.33873 1.30968 1.38381 
MN 0.01554 0.01198 0.00641 0.02585 0.07385 0.02442 0 0.00416 0.00129 
TOTAL 18.523 18.7495 18.6431 21.8625 22.9771 21.8884 18.763 18.7617 18.8029 
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Table 2: continued 
tourm.no. 	38 	38 	38 	39 	39 	40 	40 	40 	41 
position core rim rim core rim core rim rim core 
sample 	90-36B 90-36B 90-36B 90-36B 90-36B 90-36A 90-36A 90-36A 90-36A 
wt % oxide 
F 0.464 0.223 0 0.242 0.319 0 0.302 0.202 0.347 
NA20 1.918 1.763 1.974 1.863 1.846 1.683 1.722 1.666 1.717 
MGO 5.658 5.741 5.854 1.43 1.419 4.575 4.687 4.771 5.079 
AL203 32.562 32.713 32.378 33.025 32.894 33.535 33.827 34.126 32.687 
S102 35.151 34.944 34.921 33.825 33.888 34.922 35.034 34.605 35.416 
K20 0.071 0.094 0.075 0.06 0.053 0.042 0.043 0.043 0.031 
CAO 0.812 1.154 0.843 0.491 0.545 0.703 0.757 0.896 0.391 
T102 0.648 0.667 0.611 0.231 0.207 0.756 0.515 0.694 0.712 
FEO 7.309 7.099 7.762 13.376 13.18 7.905 7.689 7.588 8.011 
MNO 0.019 0.033 0.03 0.312 0.292 0.039 0.01 0.051 0.043 
TOTAL 84.612 84.431 84.448 84.855 84.643 84.16 84.586 84.642 84.434 
stoichiometric values 
B 3 3 3 3 3 3 3 3 3 
NA 0.62323 0.57258 0.64174 0.6217 0.61734 0.54701 0.55802 0.53947 0.55822 
MG 1.41312 1.43314 1.46278 0.36679 0.36475 1.14292 1.16742 1.18745 1.2692 
AL 6.43328 6.45991 6.40002 6.70093 6.68854 6.62718 6.665 6.71887 6.46149 
SI 5.89076 5.85317 5.85505 5.8216 5.84485 5.85385 5.85516 5.77913 5.9384 
K 0.01518 0.02009 0.01604 0.01317 0.01166 0.00898 0.00917 0.00916 0.00663 
CA 0.14581 0.20712 0.15145 0.09055 0.10072 0.12627 0.13556 0.16033 0.07025 
TI 0.08167 0.08402 0.07704 0.0299 0.02685 0.09531 0.06473 0.08716 0.08979 
FE 1.02439 0.99447 1.08841 1.92534 1.90116 1.1082 1.07472 1.05981 1.12339 
MN 0.0027 0.00468 0.00426 0.04549 0.04266 0.00554 0.00142 0.00721 0.00611 
TOTAL 18.6301 18.6292 18.6968 18.6155 18.5985 18.5153 18.5312 18.5486 18.5235 
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Table 3: Electron probe analyses of garnet traverses 
R2 = 2nd traverse run, perpendicular to first run 
distance is given in microns along the garnet traverse 
sample 	91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 
gnt & run no. GT A GT A 	 GT A GT A GT A GT A GT A 
distance 	 5 	10 25 	35 	45 	55 	67 
wt. % oxide 
F 0 0.021 0 0.052 0 0.073 0 0 
NA20 0.04 0.038 0.016 0.019 0 0.023 0.035 0.028 
MGO 1.068 1.078 1.05 1.063 1.083 1.083 1.069 1.431 
AL203 20.691 20.767 20.808 20.803 20.678 20.763 20.733 20.854 
S102 36.302 36.385 36.325 36.284 36.212 36.556 36.284 36.582 
K20 0 0 0 0 0 0.004 0.012 0.102 
CAO 1.188 1.221 1.145 1.166 1.118 1.115 1.178 1.145 
T102 0.037 0.037 0.05 0.047 0.055 0.04 0.052 0.025 
FEO 32.117 32.072 32.325 32.238 32.085 31.96 32.125 31.592 
MNO 7.65 7.847 7.989 8.038 8.11 8.075 8.015 7.687 
CR203 0.007 0.029 0.007 0.013 0.004 0.026 0 0.032 
TOTAL 99.1 99.494 99.715 99.722 99.345 99.718 99.503 99.477 
stoichiometric values 
F 0 0.00546 0 0.0135 0 0.01891 0 0 
NA20 0.0064 0.00605 0.00255 0.00302 0 0.00365 0.00558 0.00445 
MGO 0.13128 0.13199 0.12851 0.13002 0.13304 0.13217 0.13108 0.1747 
AL203 2.01197 2.01148 2.01453 2.01281 2.00944 2.00448 2.01105 2.01397 
S102 2.99422 2.98934 2.98305 2.97785 2.98491 2.99352 2.98531 2.9967 
K20 0 0 0 0 0 0.00042 0.00126 0.01066 
CAO 0.10499 0.10749 0.10075 0.10254 0.09875 0.09784 0.10385 0.1005 
T102 0.0023 0.00229 0.00309 0.0029 0.00341 0.00246 0.00322 0.00154 
FEO 2.21438 2.20264 2.219 2.21167 2.21078 2.18773 2.20943 2.1633 
MNO 0.53447 0.5461 0.55572 0.55879 0.56625 0.56012 0.55858 0.53339 
CR203 0.00046 0.00188 0.00046 0.00084 0.00026 0.00168 0 0.00207 
TOTAL 8.00047 8.00472 8.00765 8.01394 8.00683 8.00297 8.00937 8.00129 
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Table 3: continued 
sample 	91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 
gnt & run no. GT A r2 GT A r2 GT A r2 GT A r2 GT B GT B GT B 
distance 	5 	35 	55 	70 	3 	15 	20 
wt. % oxide 
F 0.031 0 0.157 0 0.057 0.338 0.113 0.357 
NA20 0.043 0.019 0.042 0.047 0.024 0.031 0.03 0.027 
MGO 1.147 1.035 1.03 1.033 1.618 1.451 1.524 1.52 
AL203 20.778 20.678 20.769 20.742 21.088 20.797 20.948 20.804 
S102 36.278 36.61 36.12 36.361 36.806 36.43 36.513 36.588 
K20 0 0.006 0.006 0.004 0.004 0.007 0 0.014 
CAO 1.035 1.115 1.136 1.219 2.664 2.587 2.503 2.565 
T102 0.018 0.03 0.057 0.035 0.08 0.053 0.047 0.058 
FEO 32.998 32.409 32.054 31.707 37.524 38.041 38.23 38.087 
MNO 7.307 7.959 8.281 8.477 0.598 0.56 0.507 0.545 
CR203 0.016 0.003 0.007 0.013 0.025 0.028 0.006 0 
TOTAL 99.653 99.863 99.657 99.638 100.488 100.324 100.421 100.567 
stoichiometric values 
F 0.00805 0 0.04077 0 0.01458 0.08664 0.029 0.09122 
NA20 0.00685 0.00302 0.00669 0.00749 0.00376 0.00487 0.00472 0.00423 
MGO 0.14043 0.12641 0.12603 0.12649 0.19499 0.17526 0.18431 0.18302 
AL203 2.01229 1.99781 2.01022 2.00919 2.01035 1.98713 2.0041 1.98153 
S102 2.98018 3.00025 2.96543 2.98758 2.97624 2.95255 2.96303 2.95601 
K2O 0 0.00063 0.00063 0.00042 0.00041 0.00072 0 0.00144 
CAO 0.0911 0.09791 0.09993 0.10732 0.23082 0.22466 0.21764 0.22205 
T102 0.00111 0.00185 0.00352 0.00216 0.00487 0.00323 0.00287 0.00352 
FEO 2.26595 2.22017 2.19982 2.17772 2.53643 2.57724 2.59332 2.57222 
MNO 0.50845 0.55249 0.57588 0.58998 0.04096 0.03845 0.03485 0.0373 
CR203 0.00104 0.0002 0.00045 0.00085 0.0016 0.00179 0.00039 0 
TOTAL 8.01546 8.00073 8.02937 8.0092 8.01501 8.05255 8.03422 8.05254 
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Table 3: continued 
sample 	91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 
gnt & run no. 	 GT B GT B r2 GT B r2 GT B r2 GT B r2 GT C GT C 
distance 	 28 	5 	20 	35 	45 	5 	15 
wt. % oxide 
F 0.084 0 0 0 0.047 0 0.206 0 
NA20 0.036 0.009 0.016 0.03 0.038 0.015 0.036 0.007 
MGO 1.504 1.502 1.68 1.522 1.509 1.511 2.65 2.671 
AL203 20.285 20.519 20.95 20.85 20.814 20.74 21.766 21.133 
S102 34.928 35.957 36.513 36.515 36.524 36.287 38.197 36.911 
K20 0.016 0.033 0.033 0.013 0.013 0.012 0.004 0.005 
CAO 2.685 2.677 2.56 2.537 2.709 2.719 3.071 3.317 
T102 0.057 0.058 0.088 0.067 0.057 0.07 0.065 0.065 
FEO 37.707 37.776 37.353 37.895 37.969 37.951 34.536 34.59 
MNO 0.509 0.538 0.567 0.589 0.573 0.536 1.409 1.4 
CR203 0 0.023 0.023 0.025 0.019 0.013 0.006 0.05 
TOTAL 97.81 99.093 99.784 100.042 100.272 99.853 101.945 100.149 
stoichiometric formula 
F 0.02226 0 0 0 0.01209 0 0.0511 0 
NA20 0.00585 0.00144 0.00253 0.00474 0.00599 0.00238 0.00548 0.00109 
MGO 0.18784 0.18464 0.20408 0.18487 0.18292 0.18416 0.30979 0.3206 
AL203 2.0041 1.9953 2.01318 2.00343 1.99588 1.99958 2.01284 2.00658 
S102 2.92705 2.96585 2.97618 2.97613 2.97077 2.96752 2.99621 2.97279 
K20 0.00171 0.00347 0.00343 0.00135 0.00135 0.00125 0.0004 0.00051 
CAO 0.2411 0.2366 0.22359 0.22156 0.2361 0.23826 0.25812 0.28625 
T102 0.00359 0.0036 0.0054 0.00411 0.00349 0.00431 0.00384 0.00394 
FEO 2.64145 2.60463 2.54507 2.58182 2.58157 2.59436 2.26453 2.32875 
MNO 0.03613 0.03759 0.03915 0.04066 0.03948 0.03713 0.09362 0.09551 
CR203 0 0.0015 0.00148 0.00161 0.00122 0.00084 0.00037 0.00318 
TOTAL 8.07109 8.03461 8.01408 8.02029 8.03086 8.02978 7.99629 8.0192 
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Table 3: continued 
sample 	91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 
gnt & run no. GT C GT C GT C r2 01 C r2 01 C r2 GT C r2 	 GT D 
distance 	32 	45 	10 	25 	45 	70 7 
wt. % oxide 
F 0.503 0 0 0 0.82 0.127 5.993 0 
NA20 0.03 0.038 0.011 0.027 0.027 0.039 0.018 0.016 
MGO 2.749 2.613 2.683 2.616 2.636 2.704 1.572 1.57 
AL203 21.05 21.061 20.984 21.129 21.086 21.103 21.18 20.954 
S102 36.836 36.824 36.952 36.903 36.68 36.941 36.956 37.162 
K20 0.004 0.012 0.012 0 0 0 0.064 0.005 
CAO 2.728 3.12 2.902 2.783 2.93 3.071 7.245 7.28 
T102 0.028 0.065 0.022 0.02 0.038 0.083 0.16 0.147 
FEO 35.147 34.512 34.91 34.924 35.089 34.776 28.097 28.124 
MNO 1.429 1.376 1.489 1.442 1.37 1.254 4.471 4.46 
CR203 0.013 0.032 0.019 0.016 0.01 0.015 0.026 0.018 
TOTAL 100.518 99.654 99.983 99.861 100.687 100.114 105.782 99.734 
stoichiometric formula 
F 0.12711 0 0 0 0.20624 0.0323 1.35359 0 
NA20 0.00465 0.00596 0.00172 0.00423 0.00416 0.00608 0.00249 0.0025 
MGO 0.32735 0.31506 0.32282 0.31496 0.31241 0.32404 0.16731 0.18836 
AL203 1.98284 2.00879 1.99724 2.01234 1.97689 2.00052 1.78324 1.98862 
S102 2.94321 2.9792 2.98327 2.98123 2.91696 2.97043 2.63925 2.99155 
K2O 0.00041 0.00124 0.00124 0 0 0 0.00583 0.00051 
CAO 0.23355 0.27047 0.25104 0.2409 0.24967 0.2646 0.55441 0.62795 
1102 0.00168 0.00396 0.00134 0.00122 0.00227 0.00502 0.00859 0.0089 
FEO 2.34747 2.33401 2.35596 2.35842 2.33258 2.33751 1.67733 1.89251 
MNO 0.09672 0.0943 0.10183 0.09868 0.09229 0.08541 0.27047 0.30412 
CR203 0.00082 0.00205 0.00121 0.00102 0.00063 0.00095 0.00147 0.00115 
TOTAL 8.06581 8.01502 8.01765 8.01299 8.09409 8.02686 8.46397 8.00617 
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Table 3: continued 
sample 	91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 
gnt & run no. GT D GT D GT D GT D r2 GT D r2 GT D r2 GT D r2 GT D r2 
distance 	30 	55 	70 	8 	20 	35 	50 	65 
wt. % oxide 
F 0.12 0.077 0 0 0 0 0 0.226 
NA20 0.012 0.007 0.018 0.015 0.023 0.012 0.008 0.013 
MGO 1.562 1.52 1.519 1.532 1.515 1.509 1.519 1.419 
AL203 20.818 21.12 20.948 20.995 20.956 20.993 21.097 21.188 
S102 37.448 36.969 37.044' 37.168 37.373 37.001 37.144 37.025 
K20 0 0.005 0 0 0 0 0.001 0.007 
CAO 7.218 7.491 7.529 7.168 7.374 7.476 7.519 7.136 
T102 0.214 0.158 0.193 0.1 0.185 0.192 0.152 0.055 
FEO 27.699 27.884 27.655 27.706 27.571 27.819 27.91 28.445 
MNO 4.69 4.936 5.034 5.18 4.993 4.867 4.651 4.355 
CR203 0 0.025 0.026 0.015 0.029 0.029 0.034 0 
TOTAL 99.781 100.193 99.967 99.879 100.019 99.898 100.036 99.87 
stoichiometric formula 
F 0.03044 0.01954 0 0 0 0 0 0.05735 
NA20 0.00187. 0.00109 0.00281 0.00234 0.00358 0.00187 0.00125 0.00202 
MGO 0.18671 0.18172 0.1821 0.18369 0.18114 0.181 0.18175 0.16968 
AL203 1.96852 1.99739 1.98651 1.99131 1.98207 1.99193 1.99689 2.0042 
S102 3.00361 2.96565 2.97974 2.99023 2.99834 , 2.978 2.98218 2.9707 
K2O 0 0.00051 0 0 0 0 0.0001 0.00072 
CAO 0.62033 0.6439 0.64892 0.61791 0.6339 0.64473 0.64684 0.6135 
T102 0.01291 0.00953 0.01168 0.00605 0.01116 0.01162 0.00918 0.00332 
FEO 1.85713 1.86982 1.85951 1.86326 1.84901 1.87162 1.87314 1.9078 
MNO 0.31864 0.3354 0.34299 0.353 0.33931 0.33181 0.3163 0.29598 
CR203 0 0.00159 0.00165 0.00095 0.00184 0.00185 0.00216 0 
TOTAL 8.00016 8.02613 8.01591 8.00875 8.00034 8.01442 8.00979 8.02526 
D-30 
Table 3: continued 
sample 	91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 
gnt & run no. GT D r2 	 GT E GT E GT E GT E GT E GT E 
distance 	83 8 	38 	63 	83 	120 	135 
wt. % oxide 
F 0 0 0.388 0.038 0 0.142 0.113 0.038 
NA20 0.008 0.005 0.035 0 0.022 0.035 0.015 0.012 
MGO 1.627 1.53 2.923 3.502 3.706 3.847 3.749 3.57 
AL203 21.046 19.161 21.262 21.39 21.301 21.247 21.294 21.296 
S102 37.343 41.714 36.779 37.042 37.185 37.027 36.937 37.121 
K20 0.019 0.018 0.011 0 0 0.011 0.008 0.01 
CAO 7.308 6.459 1.212 1.196 1.118 1.117 1.016 1.07 
T102 0.13 0.048 0.045 0.022 0.072 0.063 0.032 0.02 
FEO 28.403 26.336 36.725 36.558 36.464 36.128 36.732 36.784 
MNO 4.091 3.735 1.224 0.931 0.883 0.85 0.87 0.85 
CR203 0.035 0 0.004 0.004 0 0.006 0 0 
TOTAL 100.01 99.006 100.608 100.683 100.75F 100.472 100.765 100.771 
stoichiometric formula 
F 0 0 0.09824 0.00962 0 0.03591 0.02858 0.00961 
NA20 0.00124 0.00077 0.00543 0 0.00341 0.00543 0.00233 0.00186 
MGO 0.19447 0.18028 0.34876 0.41776 0.44151 0.45845 0.44676 0.42562 
AL203 1.98993 1.78596 2.0068 2.0185 2.00741 2.00297 2.00735 2.00845 
S102 2.99495 3.29798 2.9445 2.96501 2.97246 2.9608 2.95352 2.96957 
K2O 0.00194 0.00182 0.00112 0 0 0.00112 0.00082 0.00102 
CAO 0.62802 0.54717 0.10397 0.10258 0.09576 0.09571 0.08705 0.09172 
T102 0.00784 0.00285 0.00271 0.00133 0.00433 0.00379 0.00193 0.0012 
FEO 1.90418 1.74052 2.45775 2.44612 2.43656 2.41489 2.4552 2.45979 
MNO 0.27792 0.25013 0.08301 0.06312 0.05979 0.05757 0.05893 0.0576 
CR203 0.00222 0 0.00025 0.00025 0 0.00038 0 0 
TOTAL 8.00273 7.80748 8.05254 8.02429 8.02122 8.03702 8.04245 8.02644 
D-3 I 
Table 3: continued 
sample 	91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 
gnt & run no. GT E r2 GT E r2 GT E r2 GT E r2 GT E r2 GT F 	GT F 	GT F 
distance 	8 	20 	40 	57 	77 	20 40 70 
wt. % oxide 
F 0 0 0 0 0 0 0 0 
NA20 0 0.039 0.018 0.019 0.027 0.008 0.018 0.009 
MGO 3.377 3.634 3.782 3.751 3.581 2.33 2.406 2.016 
AL203 21.324 21.264 21.303 21.254 21.264 21.241 21.101 21.143 
S102 37.136 37.264 37.209 37.204 37.249 37.042 37.157 37.057 
K20 0.01 0.012 0.004 0.01 0.005 0 0 0.005 
CAO 1.047 1.108 1.142 0.95 1.063 4.656 4.202 7.185 
T102 0.062 0.052 0.053 0.04 0.015 0.07 0.033 0.065 
FEO 36.793 36.438 36.644 36.492 36.542 32.741 32.801 30.537 
MNO 0.981 0.913 0.848 0.874 0.922 2.137 2.207 1.894 
CR203 0.009 0.003 0.01 0.01 0.029 0.019 0 0 
TOTAL 100.739 100.727 101.013 100.604 100.698 100.244 99.925 99.911 
stoichiometric formula 
F 0 0 0 0 0 0 0 0 
NA20 0 0.00605 0.00278 0.00295 0.00419 0.00125 0.00281 0.0014 
MGO 0.40308 0.433 0.44968 0.44739 0.42698 0.27887 0.28864 0.24125 
AL203 2.0134 2.00424 2.00368 2.00532 2.00563 2.01108 2.00251 2.00147 
S102 2.97419 2.97925 2.96858 2.97745 2.98011 2.97482 2.99105 2.97553 
K20 0.00102 0.00122 0.00041 0.00102 0.00051 0 0 0.00051 
CAO 0.08985 0.09492 0.09763 0.08147 0.09113 0.40066 0.36244 0.61818 
T102 0.00374 0.00313 0.00318 0.00241 0.0009 0.00423 0.002 0.00393 
FEO 2.46322 2.43521 2.44381 2.44127 2.44385 2.19797 2.20716 2.04967 
MNO 0.06655 0.06183 0.05731 0.05925 0.06248 0.14537 0.15049 0.12882 
CR203 0.00057 0.00019 0.00063 0.00063 0.00183 0.00121 0 0 
TOTAL 8.0156 8.01904 8.02768 8.01915 8.01761 8.01544 8.0071 8.02077 
D-32 
Table 3: continued 
sample 	91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 
gnt & run no. 	 GT F GT F 	GT F 	GT F 	 GT F GT F r2 
distance 	 30 	75 100 125 150 	20 
wt. % oxide 
F 0 0.259 0 0 0 0.041 0.03 0.201 
NA20 0.022 0.019 0.007 0.016 0.02 0.016 0.022 0.043 
MGO 1.554 2.081 2.116 2.27 2.328 2.633 2.305 2.321 
AL203 20.651 21.069 21.241 21.111 20.937 23.253 21.063 21.184 
S102 28.547 37.022 37.119 36.83 37.771 40.355 36.862 37.048 
K20 0.002 0.001 0.008 0 0 0 0.011 0.001 
CAO 6.196 6.724 6.452 5.511 5.202 4.493 4.525 4.749 
T102 0.048 0.065 0.057 0.055 0.048 0.038 0.043 0.062 
FEO 29.826 30.665 31.225 32.121 31.912 32.747 33.074 32.987 
MNO 2.054 2.174 1.941 1.889 1.588 1.877 1.858 1.796 
CR203 0.037 0.028 0 0 0.023 0.031 0.019 0.041 
TOTAL 88.936 100.108 100.165 99.803 99.831 105.485 99.812 100.433 
stoichiometric formula 
F 0 0.06551 0 0 0 0.00974 0.00766 0.05085 
NA20 0.00396 0.00295 0.00109 0.0025 0.00311 0.00233 0.00344 0.00667 
MGO 0.21481 0.24802 0.25277 0.27277 0.27802 0.29472 0.27724 0.27669 
AL203 2.25812 1.98641 2.0072 2.00673 1.97795 2.05896 2.00409 1.99768 
S102 2.64776 2.96072 2.97526 2.96957 3.02672 3.03095 2.975 2.96343 
K20 0.00024 0.0001 0.00082 0 0 0 0.00113 0.0001 
CAO 0.61578 0.57618 0.55414 0.47612 0.44666 0.36159 0.39131 0.40703 
T102 0.00335 0.00391 0.00344 0.00334 0.00289 0.00215 0.00261 0.00373 
FEO 2.31248 2.04996 2.09216 2.16494 2.13763 2.05597 2.23131 2.20565 
MNO 0.16137 0.14727 0.13179 0.12901 0.10779 0.11941 0.12702 0.12169 
CR203 0.00271 0.00177 0 0 0.00146 0.00184 0.00121 0.00259 
TOTAL 8.22057 8.0428 8.01866 8.02498 7.98224 7.93767 8.02202 8.0361 
D-33 
Table 3: continued 
sample 	91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 
gnt & run no. GT F r2 GT F r2 	GT F r2 GT F r2 	 GT G GT G 
distance 	55 	85 115 	135 15 	40 
wt. % oxide 
F 0 0 0 0 0 0 0.143 0 
NA20 0.007 0.003 0.009 0.036 0.004 0.022 0.035 0.031 
MGO 2.215 2.268 2.151 2.001 2.126 0.066 1.111 1.06 
AL203 21.118 21.128 20.84 21.005 21.218 1.674 21.078 20.872 
S102 37.341 36.95 36.725 37.164 37.226 35.444 36.856 36.839 
K20 0.004 0 0 0 0.018 0.013 0 0 
CÁO 5.784 5.226 5.846 7.256 6.829 32.433 5.49 5.462 
T102 0.04 0.048 0.043 0.077 0.063 0.068 0.058 0.057 
FF0 32.031 32.324 31.124 30.248 30.522 27.398 32.985 32.603 
MNO 1.659 2.052 1.97 1.928 1.866 0.444 2.526 3.111 
CR203 0 0 0 0.029 0.007 0.004 0.025 0.034 
TOTAL 100.199 99.998 98.709 99.744 99.879 97.567 100.308 100.068 
stoichiometric formula 
F 0 0 0 0 0 0 0.03646 0 
NA20 0.00109 0.00047 0.00142 0.00561 0.00062 0.00387 0.00547 0.00487 
MGO 0.26448 0.27208 0.26075 0.23964 0.25403 0.00893 0.13349 0.12803 
AL203 1.99471 2.00503 1.99839 1.98992 2.00554 0.17926 2.00345 1.99426 
S102 2.99176 2.97433 2.98714 2.9864 2.9846 3.2194 2.97146 2.98564 
K2O 0.00041 0 0 0 0.00184 0.00151 0 0 
CÁO 0.49655 0.45075 0.5095 0.62477 0.58667 3.15656 0.47427 0.47432 
T102 0.00241 0.00291 0.00263 0.00465 0.0038 0.00465 0.00352 0.00347 
FF0 2.14523 2.17502 2.11619 2.03182 2.04558 2.08025 2.22301 2.20877 
MNO 0.11259 0.13991 0.13573 0.13123 0.12673 0.03416 0.17251 0.21357 
CR203 0 0 0 0.00184 0.00044 0.00029 0.00159 0.00218 
TOTAL 8.00923 8.02049 8.01174 8.01588 8.00985 8.68887 8.02524 8.01511 
D-34 
Table 3: continued 
sample 	91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 
gnt & run no. GT 0 GT G GT G r2 OT G r2 OT 0 r2 GT G r2 GT 0 r2 GT 0 r2 
distance 	75 	105 	10 	30 	50 	70 	90 	110 
wt. % oxide 
F 0.125 0.167 0 0.125 0 0.052 0 0.325 
NA20 0.047 0.005 0.005 0.024 0.038 0.018 0.05 0.051 
MGO 1.04 1.038 1.053 1.015 1.055 1.011 1.006 1.011 
AL203 20.884 20.814 20.978 20.973 20.882 20.852 20.865 20.967 
S102 36.785 36.61 36.819 36.704 36.682 36.678 36.693 36.757 
K20 0 0.002 0.01 0.006 0 0 0.002 0 
CAO 5.71 5.227 5.773 6.405 5.514 5.801 5.5 5.755 
T102 0.078 0.072 0.055 0.063 0.052 0.06 0.078 0.067 
FEO 31.402 31.443 32.023 31.541 31.983 31.74 31.511 31.223 
MNO 3.827 4.359 2.958 3.122 3.544 3.679 3.934 4.167 
CR203 0.028 0.032 0.067 0.041 0 0.051 0.034 0.025 
TOTAL 99.926 99.769 99.742 100.019 99.75 99.942 99.674 100.348 
stoichiometric formula 
F 0.032 0.04287 0 0.03196 0 0.01334 0 0.08272 
NA20 0.00738 0.00079 0.00079 0.00376 0.00599 0.00283 0.00788 0.00796 
MGO 0.12546 0.12557 0.1273 0.12228 0.12781 0.12222 0.12193 0.12126 
AL203 1.99288 1.99185 2.0061 1.99873 2.00117 1.99411 2.00046 1.98939 
S102 2.9775 2.97176 2.98657 2.96702 2.98179 2.97522 2.98405 2.95826 
K20 0 0.00021 0.00103 0.00062 0 0 0.00021 0 
CAO 0.49524 0.45463 0.50176 0.55478 0.48027 0.50421 0.47927 0.49629 
T102 0.00475 0.0044 0.00336 0.00383 0.00318 0.00366 0.00477 0.00406 
FEO 2.12472 2.13354 2.17134 2.13131 2.17323 2.15221 2.14215 2.10056 
MNO 0.26239 0.29972 0.20324 0.21377 0.24402 0.25279 0.271 0.28407 
CR203 0.00179 0.00205 0.0043 0.00262 0 0.00327 0.00219 0.00159 
TOTAL 8.0241 8.02739 8.00578 8.03067 8.01745 8.02385 8.0139 8.04617 
D-35 
Table 3: continued 
sample 	91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 
gnt & run no. GT G r2 GT G r2 GT H GT H GT H GT H GT H r2 GT H r2 
distance 	125 	145 	10 	35 	55 	70 	15 	25 
wt. % oxide 
F 0 0 0 0 0 0.313 0 0 
NA20 0.019 0.044 0.015 0.049 0.046 0.038 0.036 0.026 
MGO 1.023 1.023 1.821 1.827 1.826 1.877 1.749 1.731 
AL203 20.81 20.825 20.812 20.842 20.954 21.16 20.854 20.941 
S102 36.697 36.65 36.734 36.834 36.911 37.264 36.826 36.813 
K20 0.01 0 0 0 0 0.007 0 0 
CAO 5.131 5.321 3.817 3.979 4.076 3.9 3.881 3.918 
T102 0.075 0.082 0.093 0.098 0.085 0.095 0.108 0.072 
FEO 31.741 31.415 30.944 30.888 31.008 30.969 30.277 30.432 
MNO 4.429 4.222 5.187 5.37 4.965 4.886 6.104 5.832 
CR203 0.013 0.016 0.022 0.02 0.045 0.01 0.044 0.06 
TOTAL 99.948 99.599 99.444 99.909 99.915 100.519 99.879 99.823 
stoichiometric formula 
F 0 0 0 0 0 0.07912 0 0 
NA20 0.00299 0.00695 0.00237 0.0077 0.00722 0.00589 0.00566 0.00409 
MGO 0.12391 0.12414 0.22077 0.22062 0.22018 0.22359 0.21131 0.20914 
AL203 1.99386 1.99909 1.99592 1.99094 1.99868 1.99389 1.99308 2.00147 
S102 2.9824 2.98424 2.9882 2.98456 2.98638 2.97843 2.9854 2.98445 
K20 0.00104 0 0 0 0 0.00071 0 0 
CAO 0.44682 0.46424 0.3327 0.34546 0.35336 0.33401 0.33712 0.34035 
T102 0.00458 0.00502 0.00569 0.00597 0.00517 0.00571 0.00659 0.00439 
FEO 2.15635 2.13826 2.10417 2.09211 2.09714 2.06913 2.05175 2.06233 
MNO 0.3049 0.2912 0.35741 0.36857 0.34027 0.3308 0.41915 0.40049 
CR203 0.00084 0.00103 0.00142 0.00128 0.00288 0.00063 0.00282 0.00385 
TOTAL 8.01768 8.01416 8.00863 8.01721 8.01127 8.02191 8.01289 8.01055 
D-36 
Table 3: continued 
sample 	91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-9B 	91-913 
gnt & run no. GT H r2 GT H r2 GT H r2 GT H r2 	GT H r2 GT A GT A 
distance 	40 	65 	80 	95 103 	5 	15 
wt. % oxide 
F 0.074 0 0.24 0.052 0 0.041 0 0 
NA20 0.034 0.03 0.009 0.028 0.005 0.034 0.016 0.015 
MG0 1.766 1.807 1.814 1.855 1.91. 1.91 3.223 3.137 
AL203 20.889 20.992 20.593 20.963 20.504 20.922 21.014 21.054 
S102 36.832 36.918 36.518 36.858 36.126 36.89 37.217 37.234 
K20 0.002 0 0.005 0.011 0.019 0.017 0.001 0.013 
CAO 4.066 4.149 4.028 4.221 3.969 4.158 2.951 3.722 
T102 0.092 0.097 0.105 0.077 0.088 0.08 0.042 0.05 
FEO 30.389 30.996 31.047 31.407 30.706 31.336 34.253 33.74 
MNO 5.489 5.135 4.721 4.292 3.805 3.961 1.321 1.309 
CR203 0.037 0 0.05 0.023 0.025 0 0.025 0.039 
TOTAL 99.67 100.123 99.129 99.788 97.159 99.349 100.063 100.314 
stoichiometric formula 
F 0.01896 0 0.06179 0.01331 0 0.01052 0 0 
NA20 0.00534 0.0047 0.00142 0.00439 0.0008 0.00535 0.00249 0.00233 
MGO 0.21326 0.21757 0.22007 0.22369 0.2361 0.23092 0.38576 0.37446 
AL203 1.99547 1.99942 1.97631 1.99971 2.00493 2.00094 1.9896 1.98808 
S102 2.98446 2.98264 2.97273 2.98234 2.99635 2.99263 2.9889 2.9823 
K20 0.00021 0 0.00052 0.00114 0.00201 0.00176 0.0001 0.00133 
CAO 0.35302 0.35917 0.35134 0.36596 0.35273 0.36143 0.25394 0.31944 
T102 0.00561 0.00589 0.00643 0.00469 0.00549 0.00488 0.00254 0.00301 
FEO 2.05835 2.0933 2.11267 2.1243 2.12892 2.12496 2.29949 2.25902 
MNO 0.37674 0.35141 0.32553 0.29417 0.26732 0.27218 0.08986 0.08881 
CR203 0.00237 0 0.00322 0.00147 0.00164 0 0.00159 0.00247 
TOTAL 8.01379 8.01411 8.03205 8.01515 7.99629 8.00557 8.01427 8.02125 
D-37 
Table 3: continued 
sample 	91-9B 	91-913 	91-913 	91-913 	91-9B 	91-913 	91-913 	91-913 
gnt & run no. GT A GT A r2 GT A r2 GT A r2 GT A r2 GT A r2 GT B GT B 
distance 	25 	7 	22 	47 	62 	72 	10 	30 
wt. % oxide 
F 0 0.079 0 0 0.128 0.03 0.084 0 
NA20 0.022 0.027 0.022 0.026 0.04 0.007 0.031 0.02 
MGO 3.17 3.104 3.147 3.187 3.235 3.164 0.924 0.904 
AL203 21.035 21.196 21.207 21.103 21.086 21.179 20.835 20.634 
S102 37.219 37.269 37.318 37.142 37.254 37.339 36.839 36.813 
K20 0.012 0.02 0.018 0.001 0.004 0 0 0.004 
CAO 3.4 3.518 3.687 3.68 3.502 3.294 5.636 5.959 
T102 0.08 0.047 0.083 0.057 0.058 0.023 0.072 0.1 
FEO 34.045 33.856 33.753 33.531 33.849 34.169 31.358 30.914 
MNO 1.293 1.313 1.242 1.321 1.316 1.313 4.47 4.721 
CR203 0.016 0.009 0.018 0.025 0.022 0.006 0.039 0.034 
TOTAL 100.292 100.437 100.495 100.072 100.493 100.523 100.287 100.102 
stoichiometric formula 
F 0 0.01996 0 0 0.03231 0.00758 0.02148 0 
NA20 0.00342 0.00418 0.00341 0.00404 0.00619 0.00108 0.00486 0.00315 
MGO 0.37864 0.36959 0.37464 0.38103 0.38483 0.37675 0.11136 0.10931 
AL203 1.98753 1.99643 1.99713 1.99584 1.98423 1.99491 1.98639 1.97371 
S102 2.98297 2.97756 2.98097 2.97961 2.9736 2.98327 2.97914 2.98685 
K20 0.00123 0.00204 0.00183 0.0001 0.00041 0 0 0.00041 
CAO 0.29198 0.30116 0.31558 0.31633 0.29952 0.282 0.48837 0.51806 
T102 0.00482 0.00282 0.00499 0.00344 0.00348 0.00138 0.00438 0.0061 
FEO 2.28087 2.26106 2.2538 2.24856 2.25849 2.28205 2.1198 2.09667 
MNO 0.08778 0.08886 0.08404 0.08977 0.08898 0.08886 0.3062 0.32446 
CR203 0.00101 0.00057 0.00114 0.00159 0.00139 0.00038 0.00249 0.00218 
TOTAL 8.02026 8.02423 8.01753 8.02031 8.03342 8.01825 8.02447 8.02089 
D-38 
Table 3: continued 
sample 	91-9B 	91-9B 	91-9B 	91-9B 	91-9B 	91-9B 	91-9B 	91-913 
gnt & run no. GT B GT B GT B GT B GT B r2 GT B r2 GT B r2 GT B r2 
distance 	45 	65 	75 	85 	5 	25 	55 	80 
wt. % oxide 
F 0.01 0.021 0.085 0 0 0 0 0 
NA20 0.038 0.028 0.022 0.024 0.022 0.038 0.028 0.038 
MGO 0.967 0.885 0.856 0.861 0.872 0.887 0.862 0.88 
AL203 20.752 20.761 20.872 20.793 20.035 20.778 20.644 20.759 
S102 37.718 36.892 36.956 37.108 38.916 36.871 37.127 37.093 
K20 0 0 0.004 0.007 0.014 0 0.011 0.001 
CAO 5.258 5.695 5.573 5.706 5.737 5.965 6.07 5.816 
T102 0.042 0.092 0.087 0.118 0.078 0.1 0.082 0.095 
FEO 33.078 32.194 31.128 30.249 30.138 31.385 31.907 31.775 
MNO 2.883 3.88 4.859 5.592 3.348 4.031 3.632 3.858 
CR203 0.003 0.022 0.004 0 0.007 0.045 0.047 0.007 
TOTAL 100.748 100.47 100.445 100.459 99.168 100.1 100.41 100.323 
stoichiometric formula 
F 0.00254 0.00537 0.0217 0 0 0 0 0 
NA20 0.00592 0.00439 0.00344 0.00376 0.00344 0.00597 0.00439 0.00596 
MGO 0.11573 0.10667 0.103 0.10361 0.10474 0.10712 0.1038 0.10601 
AL203 1.96459 1.97951 1.98662 1.97941 1.90363 1.98494 1.96655 1.97822 
S102 3.02882 2.98369 2.98366 2.99639 3.13642 2.98773 2.99994 2.99828 
K2O 0 0 0.00041 0.00072 0.00144 0 0.00113 0.0001 
CAO 0.45242 0.49352 0.48211 0.49369 0.49543 0.51792 0.52554 0.50373 
T102 0.00254 0.0056 0.00528 0.00717 0.00473 0.00609 0.00498 0.00578 
FEO 2.22038 2.17651 2.10077 2.04176 2.03041 2.1259 2.15513 2.14699 
MNO 0.1961 0.26581 0.33229 0.38248 0.22856 0.27668 0.24859 0.26415 
CR203 0.00019 0.00141 0.00026 0 0.00045 0.00288 0.003 0.00045 
TOTAL 7.98921 8.02246 8.01955 8.00899 7.90925 8.01524 8.01306 8.00965 
D-39 
Table 3: continued 
sample 	91 -9B 	91 -9B 	91 -9B 	91 -9B 	91 -9B 	91 -9B 	91 -9B 	91 -9B 
gnt & run no. GT B r2 GT C GT C GT C GT C GT C GT C 
distance 	98 	5 	15 	25 	35 	45 	55 
wt. % oxide 
F 0.053 0.283 0.199 0 0.157 0 0.178 0.073 
NA20 0.023 0.022 0.027 0.019 0.012 0.031 0.013 0.038 
MGO 0.839 1.938 2.008 1.965 1.97 1.998 1.996 1.441 
AL203 20.789 21.02 21.024 21.003 21.145 21.012 21.09 17.536 
S102 37.072 36.682 36.766 36.71 36.729 36.678 36.749 30.446 
K20 0.012 0.002 0 0 0 0 0.004 0.02 
CAO 5.721 1.361 1.061 1.115 1.223 1.617 1.651 2.215 
T102 0.087 0.015 0.045 0.032 0.047 0.047 0.018 0.19 
FEO 30.966 31.664 32.127 31.955 31.954 32.053 31.874 30.551 
MNO 5.051 7.445 7.573 7.614 7.529 7.184 7.166 7.586 
CR203 0.019 0.013 0.051 0.023 0.012 0.018 0.015 0.016 
TOTAL 100.632 100.446 100.88 100.436 100.777 100.638 100.754 90.113 
stoichiometric formula 
F 0.01352 0.07227 0.05072 0 0.04005 0 0.04538 0.02148 
NA20 0.0036 0.00344 0.00422 0.00299 0.00188 0.00487 0.00203 0.00686 
MGO 0.10084 0.23322 0.24118 0.23754 0.2368 0.24107 0.23978 0.19982 
AL203 1.97649 2.00099 1.99759 2.00847 2.01065 2.00547 2.00413 1.92354 
S102 2.98964 2.96196 2.96313 2.9777 2.96244 2.96938 2.96215 2.83279 
K20 0.00123 0.00021 0 0 0 0 0.00041 0.00237 
CAO 0.49435 0.11776 0.09163 0.09691 0.1057 0.14027 0.1426 0.22083 
T102 0.00528 0.00091 0.00273 0.00195 0.00285 0.00286 0.00109 0.0133 
FEO 2.08748 2.13725 2.1644 2.1667 2.15442 2.16917 2.14764 2.37615 
MNO 0.34503 0.50922 0.51699 0.52314 0.51439 0.49265 0.48927 0.59787 
CR203 0.00121 0.00083 0.00325 0.00148 0.00077 0.00115 0.00096 0.00118 
TOTAL 8.01866 8.03805 8.03584 8.01687 8.02994 8.02688 8.03544 8.19617 
D-40 
Table 3: continued 
sample 	91-9B 	91-9B 	91-913 	91-9B 	91-913 	91-9B 	91-9B 	91-9B 
gnt & run no. 	 GT C r2 GT C r2 GT C r2 GT C r2 GT C r2 GT D GT D 
distance 	 10 	20 	30 	40 	45 	5 	15 
wt. % oxide 
F 0 0.042 0 0 0.094 0 0.116 0 
NA20 0.03 0.009 0.018 0.013 0.004 0.034 0.004 0.013 
MGO 1.491 1.93 2.005 1.985 1.993 1.96 1.822 2.013 
AL203 17.515 20.963 21.116 21.114 21.235 21.233 20.899 21.075 
S102 30.66 36.845 36.836 36.766 36.798 36.813 36.834 36.74 
K20 0.011 0 0 0 0.002 0 0.027 0.014 
CAO 1.922 2.533 1.945 1.062 1.157 1.207 2.471 3.308 
T102 0.125 0.06 0.043 0.045 0.045 0.04 0.038 0.057 
FEO 31.071 31.209 31.605 32.009 31.965 31.721 36.063 36.142 
MNO 7.563 6.944 7.298 7.574 7.63 7.687 1.706 1.073 
CR203 0.023 0.028 0.035 0.007 0.035 0.032 0 0.02 
TOTAL 90.411 100.563 100.901 100.576 100.959 100.727 99.98 100.456 
stoichiometric formula 
F 0 0.01073 0 0 0.02395 0 0.02974 0 
NA20 0.0054 0.00141 0.00281 0.00204 0.00062 0.00533 0.00063 0.00204 
MGO 0.20638 0.2323 0.24096 0.2395 0.23929 0.23597 0.22013 0.24235 
AL203 1.91778 1.99592 2.00746 2.01517 2.01685 2.02216 1.99738 2.00714 
S102 2.84756 2.97564 2.97044 2.97646 2.96454 2.97384 2.98604 2.96799 
K20 0.0013 0 0 0 0.00021 0 0.00279 0.00144 
CAO 0.19127 0.2192 0.16806 0.09212 0.09988 0.10448 0.21464 0.28634 
T102 0.00873 0.00365 0.00261 0.00274 0.00273 0.00243 0.00232 0.00346 
FEO 2.41224 2.10691 2.13044 2.16615 2.15264 2.14204 2.44384 2.44061 
MNO 0.59499 0.47503 0.4985 0.51939 0.52068 0.526 0.11715 0.07342 
CR203 0.00169 0.00179 0.00223 0.00045 0.00223 0.00204 0 0.00128 
TOTAL 8.18733 8.02257 8.02351 8.01401 8.02361 8.01429 8.01466 8.02608 
D-4 I 
Table 3: continued 
sample 91-9B 91-9B 91-9B 91-913 91-9B 91-9B 91-9B 91-9B 
gnt & run no. GT D GT D GT D GT D GT D GT D GT D GT D ( 
distance 25 35 45 55 65 75 85 95 
wt. % oxide 
F 0.058 0.224 0.108 0.071 0 0.163 0 0 
NA20 0.03 0.049 0.036 0.012 0.034 0.024 0.019 0.018 
MGO 1.9 1.885 1.789 1.559 1.375 1.443 1.617 - 1.681 
AL203 20.924 21.018 21.027 20.863 20.891 20.937 20.92 20.927 
S102 36.742 36.821 36.744 37.057 36.95 36.828 37.309 36.845 
K20 0.006 0.012 0.007 0 0 0.002 0.005 0.005 
CAO 3.719 3.915 4.137 5.398 5.612 4.56 4.16 4.389 
T102 0.055 0.058 0.053 0.082 0.142 0.043 0.062 0.075 
FEO 36.081 35.693 35.311 33.353 31.831 33.459 34.593 35.217 
MNO 1.016 1.118 1.453 2.191 3.81 3.401 2.136 1.522 
CR203 0.023 0.022 0 0 0.01 0.013 0.02 0.013 
TOTAL 100.554 100.816 100.667 100.586 100.655 100.873 100.84 100.693 
stoichiometric formula 
F 0.01481 0.05687 0.02751 0.01806 0 0.04147 0 0 
NA20 0.0047 0.00763 0.00562 0.00187 0.00531 0.00374 0.00296 0.00281 
MGO 0.22859 0.22553 0.21476 0.18686 0.16504 0.17298 0.19363 0.20206 
AL203 1.99135 1.98927 1.99673 1.97808 1.98355 1.98541 1.98171 1.98988 
S102 2.96605 2.95603 2.95966 2.98023 2.97584 2.96229 2.99781 2.97173 
K20 0.00062 0.00123 0.00072 0 0 0.00021 0.00051 0.00051 
CAO 0.32169 0.33678 0.35705 0.46517 0.48429 0.39301 0.35816 0.37931 
T102 0.00334 0.0035 0.00321 0.00496 0.0086 0.0026 0.00375 0.00455 
FEO 2.43477 2.3953 2.37754 2.24222 2.14294 2.24971 2.3235 2.37437 
MNO 0.06947 0.07603 0.09914 0.14926 0.25992 0.23172 0.14538 0.10398 
CR203 0.00147 0.0014 0 0 0.00064 0.00083 0.00127 0.00083 
TOTAL 8.03686 8.04957 8.04194 8.0267 8.02612 8.04397 8.00869 8.03003 
D-42 
Table 3: continued 
sample 	91-913 	91-913 	91-9B 	91-913 	91-913 	91-913 	91-913 	91-9B 
gnt & run no. GT D GT D GT D r2 GT D r2 GT D R2 GT D r2 GT D r2 GT E 
distance 	105 	115 	10 	30 	57 	85 	115 	5 
wt. % oxide 
F 0.029 0.068 0 0 0 0 0.136 0.183 
NA20 0.044 0.044 0.05 0.044 0.011 0.019 0.003 0.047 
MGO 1.895 1.864 2.046 1.865 1.403 1.632 1.978 2.494 
AL203 20.992 20.84 21.044 21.007 20.821 20.946 21.001 20.924 
S102 36.862 36.659 37.01 36.928 36.969 37.05 36.817 37.301 
K20 0.011 0.002 0.012 0.012 0 0.01 0 0.053 
CAO 3.553 2.608 2.622 4.053 5.763 5.15 3.136 8.164 
T102 0.063 0.053 0.055 0.093 0.118 0.115 0.042 0.153 
FEO 36.082 36.302 36.555 35.433 32.131 33.276 35.886 24.231 
MNO 1.039 1.535 1.224 1.237 3.342 2.347 1.234 6.862 
CR203 0 0.023 0 0.02 0 0.032 0.022 0.037 
TOTAL 100.57 100 100.619 100.695 100.558 100.578 100.255 100.448 
stoichiometric formula 
F 0.0074 0.01747 0 0 0 0 0.03472 0.04597 
NA20 0.00688 0.00693 0.00782 0.00687 0.00172 0.00296 0.00047 0.00724 
MGO 0.22782 0.22561 0.24586 0.22384 0.16851 0.19571 0.23798 0.29525 
AL203 1.99641 1.99537 2.00042 1.99445 1.9782 1.98702 1.99874 1.95948 
S102 2.97364 2.97727 2.98417 2.97391 2.97934 2.98127 2.9722 2.96298 
K20 0.00113 0.00021 0.00123 0.00123 0 0.00103 0 0.00537 
CÁO 0.30711 0.22696 0.22653 0.34974 0.49765 0.44403 0.27127 0.69487 
T102 0.00382 0.00324 0.00334 0.00563 0.00715 0.00696 0.00255 0.00914 
FEO 2.43312 2.46452 2.46385 2.38531 2.16456 2.23825 2.42169 1.60895 
MNO 0.071 0.1056 0.0836 0.08438 0.228.14 0.15997 0.08438 0.46171 
CR203 0 0.00148 0 0.00127 0 0.00204 0.0014 0.00232 
TOTAL 8.02834 8.02464 8.01682 8.02664 8.02527 8.01924 8.02541 8.05329 
D-43 
Table 3: continued 
sample 	91-9B 	91-913 	91-913 	91-913 	91-913 	91-913 	91-913 	91-913 
gnt & run no. GT E GT E GT E GT E GT E GT E GT E GT E 
distance 	20 	35 	50 	60 	75 	90 	97 	104 
wt. % oxide 
F 0 0.205 0 0 0.046 0 0 0 
NA20 0.005 0 0.008 0.019 0 0.022 0 0.036 
MGO 2.509 2.527 2.414 2.479 2.393 2.306 2.267 2.192 
AL203 21.112 21.194 21.109 21.235 21.148 21.192 21.154 20.451 
S102 37.386 37.489 37.301 37.617 37.527 37.403 37.399 36.674 
K20 0.001 0.002 0 0 0 0 0.008 0.014 
CAO 7.788 7.725 7.549 7.116 7.33 7.319 7.479 8.44 
T102 0.077 0.052 0.103 0.053 0.073 0.07 0.062 0.198 
FEO 24.361 24.707 24.417 24.744 24.691 24.888 24.749 24.204 
MNO 6.744 6.747 7.182 7.462 7.449 7.23 7.147 6.641 
CR203 0.012 0 0.012 0.015 0.006 0.009 0.013 0.063 
TOTAL 99.995 100.647 100.094 100.74 100.664 100.439 100.278 98.913 
stoichiometric formula 
F 0 0.05132 0 0 0.01156 0 0 0 
NA20 0.00077 0 0.00124 0.00292 0 0.0034 0 0.00566 
MGO 0.29834 0.29811 0.28726 0.29317 0.28326 0.27379 0.26947 0.2647 
AL203 1.98584 1.97784 1.98706 1.98653 1.98025 1.99039 1.98909 1.9536 
S102 2.98288 2.96753 2.97835 2.98497 2.98062 2.97979 2.98288 2.9716 
K2O 0.0001 0.0002 0 0 0 0 0.00081 0.00145 
CAO 0.66581 0.65522 0.64586 0.60504 0.62382 0.62478 0.63917 0.73277 
T102 0.00462 0.0031 0.00619 0.00316 0.00436 0.00419 0.00372 0.01207 
FEO 1.62475 1.63484 1.62972 1.64131 1.63932 1.65742 1.65005 1.63939 
MNO 0.45578 0.45239 0.48575 0.50156 0.50115 0.4879 0.48285 0.4558 
CR203 0.00076 0 0.00076 0.00094 0.00038 0.00057 0.00082 0.00404 
TOTAL 8.01964 8.04055 8.02217 8.0196 8.02471 8.02223 8.01886 8.04107 
D-44 
Table 3: continued 
sample 	91-9B 	91-9B 	91-9B 	91-9B 	91-9B 	91-9B 	91-9B 	91-9B 
gnt & run no. GT E r2 GT E r2 GT E r2 GT E r2 GT E r2 GT E r2 GT E r2 
distance 	7 	32 	47 	62 	74 	84 	91 
wt. % oxide 
F 0 0.321 0.195 0 0.069 0 0 0 
NA20 0.008 0.013 0.03 0.031 0.038 0.027 0.02 0.008 
MGO 2.451 2.351 2.371 2.52 2.388 2.484 2.509 0.056 
AL203 21.175 21.218 21.179 21.313 21.078 21.201 21.184 1.702 
S102 37.427 37.553 37.395 37.425 37.429 37.249 37.401 35.328 
K20 0.004 0.001 0.005 0 0 0 0 0.011 
CAO 7.038 7.809 7.749 7.014 7.584 7.059 7.109 32.37 
T102 0.087 0.095 0.115 0.07 0.108 0.092 0.06 0.077 
FEO 24.668 24.304 24.473 24.722 24.474 25.009 24.874 27.218 
MNO 7.436 7.361 7.356 7.335 7.235 7.338 7.12 0.461 
CR203 0.01 0 0.007 0.009 0.019 0 0.003 0.016 
TOTAL 100.303 101.027 100.874 100.439 100.421 100.459 100.28 97.248 
stoichiometric formula 
F 0 0.08003 0.04882 0 0.01736 0 0 0 
NA20 0.00124 0.00199 0.0046 0.00478 0.00586 0.00417 0.00309 0.00141 
MGO 0.29113 0.27621 0.27971 0.29879 0.28312 0.29509 0.29803 0.0076 
AL203 1.9896 1.97196 1.97643 1.99898 1.97683 1.99237 1.99056 0.18279 
S102 2.98291 2.9604 2.96006 2.97741 2.97756 2.96921 2.98101 3.21832 
K20 0.00041 0.0001 0.0005 0 0 0 0 0.00128 
CAO 0.60103 0.65962 0.65725 0.59791 0.64647 0.60293 0.60713 3.15971 
T102 0.00522 0.00563 0.00685 0.00419 0.00646 0.00552 0.0036 0.00528 
FEO 1.64344 1.60157 1.61934 1.64409 1.6275 1.66643 1.65726 2.07267 
MNO 0.502 0.49153 0.49322 0.4943 0.48753 0.49547 0.4807 0.03557 
CR203 0.00063 0 0.00044 0.00057 0.0012 0 0.00019 0.00115 
TOTAL 8.01759 8.04904 8.04721 8.02101 8.02989 8.03118 8.02156 8.68578 
D-45 
Table 3: continued 
sample 91-9B 91-913 91-913 91-9B 91-913 91-913 91-913 91-913 
gut & run no. GT F GT F GT F GT F GT F GT F GT F 
distance 15 35 55 70 135 150 170 
wt. % oxide 
F 0 0.094 0.037 0.103 0 0.204 0.088 0.088 
NA20 0 0.024 0.032 0.005 0.027 0.023 0.04 0.026 
MGO 0.071 2.253 2.063 1.884 1.817 1.615 1.549 1.605 
AL203 1.682 20.82 20.723 20.684 20.536 20.753 20.763 21.005 
S102 35.448 36.524 36.441 36.332 37.179 36.434 36.477 36.421 
K20 0.001 0.016 0 0.002 0.004 0.002 0.005 0.007 
CAO 32.48 1.907 1.847 1.957 1.689 3.165 3.414 2.937 
T102 0.067 0.033 0.06 0.038 0.032 0.04 0.05 0.055 
FEO 27.378 37.856 38.117 37.999 37.151 36.028 35.786 35.719 
MNO 0.438 0.2 0.336 0.628 1.001 1.416 1.5 1.795 
CR203 0 0.006 0.031 0.004 0.004 0.015 0.022 0.015 
TOTAL 97.565 99.733 99.686 99.636 99.439 99.696 99.694 99.672 
stoichiometric formula 
F 0 0.02419 0.00955 0.02662 0 0.05252 0.02268 0.02267 
NA20 0 0.00379 0.00506 0.00079 0.00427 0.00363 0.00632 0.00411 
MGO 0.00961 0.27323 0.25098 0.22946 0.22079 0.19591 0.18814 0.19485 
AL203 0.18008 1.99733 1.9943 1.99283 1.974 1.99145 1.9949 2.0172 
S102 3.21921 2.97208 2.97469 2.96919 3.03139 2.96557 2.97278 2.96682 
K20 0.00012 0.00166 0 0.00021 0.00042 0.00021 0.00052 0.00073 
CAO 3.16058 0.16628 0.16155 0.17137 0.14756 0.27604 0.29813 0.25635 
T102 0.00458 0.00202 0.00368 0.00234 0.00196 0.00245 0.00307 0.00337 
FEO 2.07837 2.57502 2.60096 2.59588 2.53209 2.45135 2.43793 2.43222 
MNO 0.03369 0.01379 0.02323 0.04347 0.06913 0.09763 0.10355 0.12386 
CR203 0 0.00039 0.002 0.00026 0.00026 0.00097 0.00142 0.00097 
TOTAL 8.68623 8.02977 8.02601 8.03243 7.98186 8.0377 8.02942 8.02314 
D-46 
Table 3: continued 
sample 	91 -9B 	91 -9B 	91 -9B 	91 -9B 	91 -9B 	91 -9B 	91 -9B 	91 -9B 
gnt & run no. GT F r2 GT F r2 GT F r2 GT F r2 GT F r2 GT F r2 GT G GT G 
distance 	15 	45 	80 	145 	180 	195 	5 	35 
wt. % oxide 
F 0.113 0.048 0 0 0.03 0 0 0 
NA20 0.02 0.03 0.023 0.04 0.028 0.036 0.022 0.013 
MGO 1.942 1.804 1.913 1.602 1.489 1.486 3.515 3.5 
AL203 20.867 20.778 20.825 20.746 20.735 20.767 21.324 21.267 
S102 36.567 36.432 36.413 36.417 36.267 36.419 37.316 37.408 
K20 0.004 0.007 0.011 0.006 0.01 0.018 0.002 0.013 
CAO 2.139 3.292 2.006 3.299 2.996 3.022 3.692 3.941 
T102 0.057 0.057 0.03 0.04 0.043 0.062 0.16 0.202 
FEO 37.635 36.64 37.789 35.801 35.305 35.104 33.541 33.502 
MNO 0.526 0.646 0.859 1.542 2.497 2.651 0.771 0.779 
CR203 0.029 0.02 0 0.016 0.004 0.003 0 0.025 
TOTAL 99.898 99.754 99.869 99.51 99.404 99.568 100.343 100.651 
stoichiometric formula 
F 0.02905 0.01237 0 0 0.00777 0 0 0 
NA20 0.00315 0.00474 0.00364 0.00634 0.00445 0.00571 0.0034 0.002 
MGO 0.23526 0.21904 0.23267 0.19517 0.18182 0.1811 0.41772 0.41485 
AL203 1.99971 1.99567 2.00358 1.99932 2.00293 2.00203 2.00462 1.99405 
S102 2.9724 2.96811 2.97161 2.97691 2.97157 2.97809 2.97557 2.97514 
K20 0.00041 0.00073 0.00115 0.00063 0.00105 0.00188 0.0002 0.00132 
CAO 0.18631 0.28738 0.17541 0.28896 0.26303 0.26479 0.31545 0.33585 
T102 0.00349 0.00349 0.00184 0.00246 0.00265 0.00381 0.0096 0.01208 
FEO 2.55726 2.49526 2.57789 2.44636 2.4181 2.39955 2.23571 2.22729 
MNO 0.03622 0.04458 0.05938 0.10677 0.1733 0.18362 0.05208 0.05248 
CR203 0.00186 0.00129 0 0.00103 0.00026 0.00019 0 0.00157 
TOTAL 8.02511 8.03265 8.02716 8.02394 8.02693 8.02078 8.01433 8.01663 
D-47 
Table 3: continued 
sample 	91-9B 	91-9B 	91-913 	91-9B 	91-913 	91-913 	91-9B 	91-9B 
gnt & run no. GT G GT G GT G GT G GT G r2 GT G r2 GT G r2 UT G r2 
distance 	85 	145 	245 	295 	5 	30 	60 	85 
wt. % oxide 
F 0 0.068 0 0.195 0.128 0.039 0.039 0 
NA20 0.026 0.027 0.011 0.013 0.026 0.019 0.039 0.009 
MGO 3.651 3.656 3.598 3.47 3.495 3.523 3.53 3.512 
AL203 21.216 21.241 21.154 21.218 21.405 21.16 21.218 21.048 
S102 37.42 37.224 37.226 37.189 37.286 37.117 37.187 37.209 
K20 0.01 0 0.006 0 0.006 0.007 0 0.005 
CAO 3.462 2.661 2.868 2.893 3.394 3.04 3.046 3.403 
T102 0.052 0.037 0.045 0.05 0.048 0.062 0.055 0.067 
FEO 33.716 34.244 34.223 34.108 33.667 34.255 34.277 33.743 
MNO 0.835 0.823 0.899 0.887 0.816 0.848 0.788 0.804 
CR203 0.012 0 0.028 0.013 0.003 0.015 0.004 0.012 
TOTAL 100.4 99.979 100.057 100.039 100.275 100.085 100.184 99.812 
stoichiometric formula 
F 0 0.01721 0 0.04929 0.03225 0.00988 0.00987 0 
NA20 0.00402 0.00419 0.00171 0.00201 0.00402 0.00295 0.00605 0.0014 
MGO 0.43378 0.4361 0.42961 0.41329 0.415 0.42068 0.4209 0.42003 
AL203 1.99401 2.00427 1.99805 1.99911 2.01057 1.99874 2.0013 1.99132 
S102 2.98318 2.97932 2.98245 2.97207 2.97073 2.9739 2.97517 2.986 
K20 0.00102 0 0.00061 0 0.00061 0.00072 0 0.00051 
CAO 0.29573 0.22821 0.24621 0.24774 0.28975 0.26099 0.26112 0.29262 
T102 0.00312 0.00223 0.00271 0.00301 0.00288 0.00374 0.00331 0.00404 
FEO 2.24686 2.29109 2.29197 2.27858 2.24226 2.29425 2.29239 2.26355 
MNO 0.05639 0.0558 0.06101 0.06005 0.05507 0.05755 0.0534 0.05465 
CR203 0.00076 0 0.00177 0.00082 0.00019 0.00095 0.00025 0.00076 
TOTAL 8.01884 8.01841 8.01609 8.02597 8.02332 8.02435 8.02377 8.01487 
D-48 
Table 3: continued 
sample 	91-913 91-38A 91-38A 91-38A 91-38A 91-38A 91-38A 91-38A 
gnt & run no. GT G r2 GT A GT A GT A 	 GT A GT A GT A 
distance 	105 	10 	25 	45 60 	80 	100 
wt. % oxide 
F 0 0.391 0 0 0.095 0.083 0 0.298 
NA20 0.018 0.027 0.039 0.03 0.034 0 0.035 0.038 
MGO 3.499 0.744 0.665 0.648 0.635 0.637 0.645 0.633 
AL203 21.23 20.687 20.572 20.517 20.523 20.651 20.593 20.568 
S102 37.209 36.556 36.734 36.456 36.695 36.503 36.417 36.49 
K20 0.012 0.004 0 0 0 0 0 0 
CAO 3.005 4.073 4.444 4.531 4.102 4.039 4.098 3.933 
T102 0.032 0.137 0.127 0.125 0.113 0.138 0.117 0.123 
FEO 34.116 26.441 25.272 24.509 24.239 24.214 24.01 23.8 
MNO 0.832 11.695 12.416 12.947 13.595 13.656 13.921 14.18 
CR203 0.026 0.018 0.023 0.047 0.018 0.003 0.012 0.003 
TOTAL 99.977 100.772 100.292 99.809 100.049 99.925 99.847 100.067 
stoichiometric formula 
F 0 0.09981 0 0 0.02447 0.02142 0 0.07663 
NA20 0.0028 0.00423 0.00615 0.00476 0.00537 0 0.00555 0.00599 
MGO 0.41795 0.0895 0.08063 0.07897 0.07708 0.07745 0.07864 0.07671 
AL203 2.006 1.96854 1.97314 1.97801 1.97074 1.9863 1.98605 1.97162 
S102 2.98224 2.95066 2.98856 2.98123 2.98887 2.97813 2.97912 2.96699 
K20 0.00123 0.00041 0 0 0 0 0 0 
CAO 0.25807 0.35226 0.3874 0.39702 0.35801 0.35309 0.35921 0.34266 
T102 0.00193 0.00832 0.00777 0.00769 0.00692 0.00847 0.0072 0.00752 
FEO 2.28568 1.78403 1.71869 1.67539 1.65036 1.65138 1.64187 1.61765 
MNO 0.05648 0.7996 0.85563 0.89682 0.93797 0.94374 0.96464 0.97663 
CR203 0.00165 0.00115 0.00148 0.00304 0.00116 0.00019 0.00078 0.00019 
TOTAL 8.01402 8.0585 8.01944 8.02293 8.02095 8.02016 8.02305 8.04258 
D-49 
Table 3: continued 
sample 	91-38A 91-38A 91-38A 91-38A 91-38A 91-38A 91-38A 91-38A 
gnt & run no. GT A GT A r2 GT A r2 GT A r2 GT A r2 GT A r2 GT A r2 GT A r2 
distance 	115 	8 	40 	70 	110 	140 	165 	185 
wt. % oxide 
F 0 0 0.107 0 0 0 0.057 0.225 
NA20 0.023 0.036 0.013 0.019 0.015 0 0.009 0.02 
MGO 0.607 0.676 0.63 0.633 0.647 0.691 0.7 0.799 
AL203 20.653 20.612 20.489 20.559 20.529 20.617 20.476 20.468 
S102 36.501 36.507 36.391 36.231 36.667 36.383 36.697 36.481 
K20 0 0 0 0 0 0 0 0.006 
CAO 3.862 3.986 4.198 4.13 4.405 4.095 4.213 4.392 
T102 0.108 0.118 0.16 0.12 0.107 0.122 0.08 0.088 
FEO 23.62 25.01 24.114 24.206 24.734 25.787 26.67 27.39 
MNO 14.325 12.706 13.771 13.807 12.624 12.103 10.846 9.722 
CR203 0.01 0.012 0 0.028 0.019 0.028 0.018 0.01 
TOTAL 99.709 99.664 99.873 99.734 99.746 99.827 99.766 99.603 
stoichiometric formula 
F 0 0 0.02765 0 0 0 0.01472 0.05806 
NA20 0.00365 0.00571 0.00206 0.00302 0.00238 0 0.00142 0.00316 
MGO 0.07403 0.08245 0.07672 0.07735 0.07877 0.08426 0.08518 0.09716 
AL203 1.99247 1.98857 1.97365 1.98739 1.97719 1.98867 1.97096 1.96896 
S102 2.98694 2.98752 2.97342 2.9708 2.9955 2.97678 2.99623 2.97674 
K20 0 0 0 0 0 0 0 0.00062 
CAO 0.33863 0.34952 0.36754 0.36286 0.3856 0.359 0.36858 0.384 
T102 0.00665 0.00726 0.00983 0.0074 0.00657 0.00751 0.00491 0.0054 
FEO 1.61572 1.71085 1.647 1.65913 1.68909 1.76366 1.82025 1.86823 
MNO 0.99295 0.88075 0.9531 0.95897 0.87358 0.83879 0.75011 0.67196 
CR203 0.00065 0.00078 0 0.00182 0.00123 0.00181 0.00116 0.00065 
TOTAL 8.01168 8.0134 8.03096 8.02872 8.0099 8.02047 8.01351 8.03495 
D-50 
Table 3: continued 
sample 	91-38A 91-38A 91-38A 91-38A 91-38A 91-38A 91-38A 91-38A 
gnt & run no. UT B GT B GT B GT B UT B UT B GT B r2 UT B r2 
distance 	8 	20 	40 	65 	80 	95 	10 	100 
wt. % oxide 
F 0 0 0 0 0.02 0.336 0.06 0 
NA20 0.028 0.013 0.004 0.043 0.03 0.012 0.031 0.051 
MGO 1.418 1.433 1.335 1.35 1.436 1.429 1.384 1.404 
AL203 20.924 20.778 20.396 21.649 20.827 20.933 20.988 20.925 
S102 36.676 36.695 37.703 36.274 36.642 36.501 36.55 36.682 
K20 0.029 0.008 0 0.001 0.002 0.013 0.008 0 
CAO 2.201 2.499 2.079 2.081 2.25 2.637 2.436 2.283 
T102 0.105 0.172 0.112 0.075 0.102 0.08 0.21 0.08 
FEO 35.257 35.616 33.834 32.924 35.584 35.143 35.25 34.454 
MNO 3.587 3.464 4.425 5.592 3.879 3.206 3.273 3.679 
CR203 0.004 0.009 0.025 0.018 0 0.012 0.029 0 
TOTAL 100.229 100.688 99.913 100.006 100.771 100.302 100.22 99.56 
stoichiometric formula 
F 0 0 0 0 0.00513 0.086 0.01542 0 
NA20 0.00442 0.00204 0.00063 0.00678 0.00472 0.00188 0.00488 0.00807 
MGO 0.17188 0.17323 0.1614 0.16367 0.17359 0.17235 0.16758 0.17082 
AL203 2.00628 1.98695 1.95063 2.0763 1.99159 1.99712 2.01027 2.0139 
S102 2.98292 2.97647 3.05857 2.95093 2.97211 2.95386 2.9695 2.99459 
K20 0.00301 0.00083 0 0.0001 0.00021 0.00134 0.00083 0 
CAO 0.19181 0.2172 0.18071 0.1814 0.19555 0.22866 0.21206 0.1997 
T102 0.00642 0.01049 0.00683 0.00459 0.00622 0.00487 0.01283 0.00491 
FEO 2.397 2.41493 2.29435 2.23893 2.41271 2.37732 2.39397 2.35119 
MNO 0.24712 0.238 0.30407 0.38534 0.26651 0.21977 0.22524 0.25441 
CR203 0.00026 0.00058 0.0016 0.00116 0 0.00077 0.00186 0 
TOTAL 8.01111 8.02071 7.9588 8.0092 8.02834 8.04394 8.01446 7.99759 
D-5 I 
Table 3: continued 
sample 	91-38A 91-38A 91-38A 91-38A 91-38A 91-38A 91-38A 91-38A 
gnt & run no. 	 GT C UT C GT C 	 GT C GT C 
distance 	 10 	20 	30 45 	60 
wt. % oxide 
F 0 0 0 0 0.053 0.032 0.158 0 
NA20 0.024 0.039 0.065 0.022 0.022 0 0 0.009 
MGO 0.073 0.063 0.55 0.516 0.557 0.552 0.544 0.554 
AL203 1.683 1.655 20.515 20.219 20.493 20.311 20.387 20.521 
S102 35.611 35.664 36.575 36.043 36.552 36.607 36.535 36.475 
K20 0.006 0 0 0.011 0.002 0.006 0.001 0 
CAO 32.269 32.339 5.282 5.447 5.527 5.176 5.26 5.56 
T102 0.058 0.075 0.115 0.123 0.073 0.07 0.07 0.06 
FEO 27.294 27.334 32.111 32.554 31.968 32.265 32.085 32.033 
MNO 0.425 0.44 4.784 4.249 4.456 4.478 4.513 4.557 
CR203 0 0.001 0.038 0.039 0.029 0.015 0.025 0 
TOTAL 97.444 97.611 100.035 99.223 99.732 99.512 99.577 99.77 
stoichiometric formula 
F 0 0 0 0 0.01369 0.00829 0.04083 0 
NA20 0.00422 0.00686 0.01028 0.00352 0.00348 0 0 0.00143 
MGO 0.00988 0.00851 0.06688 0.06342 0.0678 0.06739 0.06625 0.06751 
AL203 0.18014 0.17688 1.97322 1.96568 1.9732 1.96148 1.96406 1.97817 
S102 3.23312 3.23303 2.98402 2.97225 2.98531 2.99868 2.98555 2.98245 
K20 0.00069 0 0 0.00116 0.00021 0.00063 0.0001 0 
CAO 3.13919 3.14124 0.46175 0.4813 0.48368 0.45431 0.46057 0.48713 
T102 0.00396 0.00511 0.00706 0.00763 0.00448 0.00431 0.0043 0.00369 
FEO 2.07142 2.07132 2.18995 2.24405 2.18252 2.20933 2.1917 2.18947 
MNO 0.03268 0.03379 0.33061 0.2968 0.30827 0.31071 0.31239 0.31562 
CR203 0 7.IE-05 0.00245 0.00254 0.00187 0.00097 0.00162 0 
TOTAL 8.67531 8.67681 8.02623 8.03835 8.02452 8.0161 8.02737 8.02548 
D-52 
Table 3: continued 
sample 	91-38A 91-38A 91-38A 91-38A 91-38A 91-38A 91-38A 91-38A 
gnt & run no. GT C GT C r2 GT C r2 GT C r2 GT C r2 GT C r2 GT C r2 GT C r2 
distance 	85 	7 	15 	30 	45 	55 	65 	75 
wt. % oxide 
F 0.137 0.166 0.031 0 0 0.011 0 0.189 
NA20 0.044 0.035 0.065 0.028 0.043 0 0.019 0.024 
MGO 0.592 0.565 0.577 0.549 0.542 0.487 0.496 0.489 
AL203 20.659 20.521 20.417 20.627 20.478 20.466 20.421 20.638 
S102 36.815 36.458 36.426 36.404 36.434 36.498 36.59 37.202 
K20 0.005 0.004 0 0.005 0 0.011 0 0 
CAO 5.279 4.952 5.001 5.229 4.729 5.416 5.509 5.227 
T102 0.053 0.065 0.067 0.073 0.078 0.125 0.122 0.112 
FEO 32.074 33.177 32.931 32.1 31.574 29.938 29.085 29.08 
MNO 4.147 3.969 4.16 4.889 6.129 7.148 7.687 7.816 
CR203 0.029 0.032 0 0.01 0.019 0.001 0.026 0.016 
TOTAL 99.836 99.944 99.674 99.914 100.027 100.103 99.954 100.793 
stoichiometric formula 
F 0.03522 0.04281 0.00803 0 0 0.00284 0 0.04815 
NA20 0.00694 0.00553 0.01032 0.00444 0.00682 0 0.00301 0.00375 
MGO 0.07172 0.06867 0.07044 0.06687 0.06606 0.05924 0.06035 0.05871 
AL203 1.97986 1.97297 1.97177 1.9874 1.97451 1.96925 1.96542 1.95995 
S102 2.9927 2.97322 2.98392 2.97516 2.97983 2.97885 2.98712 2.9968 
K20 0.00052 0.00042 0 0.00052 0 0.00115 0 0 
CAO 0.45982 0.43272 0.43896 0.4579 0.41443 0.47365 0.4819 0.45117 
T102 0.00324 0.00399 0.00413 0.00449 0.0048 0.00767 0.00749 0.00679 
FEO 2.17949 2.2617 2.25499 2.19295 2.15863 2.04252 1.98483 1.95816 
MNO 0.28555 0.27417 0.28866 0.33845 0.42461 0.49417 0.53157 0.53332 
CR203 0.00186 0.00206 0 0.00065 0.00123 6.5E-05 0.00168 0.00102 
TOTAL 8.01692 8.03826 8.03123 8.02881 8.03091 8.02939 8.02335 8.01781 
D-53 
Table 3: continued 
sample 	91-38A 91-38A 91-38A 91-38A 91-38A 91-38A 91-38A 91-38A 
gnt & run no. GT C r2 GT C r2 GT C r2 GT D GT D GT D GT D GT D 
distance 	85 	90 	100 	10 	25 	40 	55 	65 
wt. % oxide 
F 0.398 0 0 0.088 0 0 0.06 0 
NA20 0 0.022 0.009 0.018 0.023 0.013 0.035 0.02 
MGO 0.473 0.492 0.539 1.459 1.375 1.361 1.292 1.287 
AL203 20.472 20.024 20.525 20.784 20.793 20.793 20.831 20.74 
S102 36.492 38.706 37.587 36.71 36.605 36.498 36.736 36.61 
K20 0 0 0.005 0.004 0 0.004 0 0.005 
CÁO 4.978 4.787 4.665 3.138 2.689 2.859 3.042 2.975 
T102 0.098 0.097 0.092 0.048 0.042 0.042 0.045 0.06 
FEO 29.161 28.898 30.33 36.885 36.78 35.922 35.233 34.804 
MNO 7.884 7.412 6.794 1.817 2.267 2.85 3.296 3.796 
CR203 0 0.02 0.007 0.02 0.028 0.02 0 0 
TOTAL 99.956 100.458 100.554 100.971 100.602 100.363 100.57 100.297 
stoichiometric formula 
F 0.10228 0 0 0.02249 0 0 0.01538 0 
NA20 0 0.00343 0.00141 0.00282 0.00362 0.00205 0.0055 0.00316 
MGO 0.05728 0.05893 0.0649 0.17574 0.1665 0.16513 0.15609 0.15613 
AL203 1.96106 1.89727 1.95484 1.98033 1.99169 1.99564 1.99081 1.99026 
S102 2.9651 3.11078 3.03654 2.96692 2.97411 2.9713 2.978 2.97998 
K20 0 0 0.00052 0.00041 0 0.00042 0 0.00052 
CÁO 0.4334 0.41224 0.40382 0.27175 0.2341 0.24939 0.26423 0.25948 
T102 0.00599 0.00586 0.00559 0.00292 0.00257 0.00257 0.00274 0.00367 
FEO 1.98065 1.94143 2.04822 2.49193 2.498 2.44457 2.38752 2.36814 
MNO 0.54263 0.50459 0.46492 0.12439 0.15602 0.19653 0.22632 0.26173 
CR203 0 0.00127 0.00045 0.00128 0.0018 0.00129 0 0 
TOTAL 8.04838 7.9358 7.9812 8.04097 8.0284 8.02889 8.0266 8.02306 
D-54 
Table 3: continued 
sample 	91-38A 91-38A 91-38A 91-38A 91-38A 91-38A 91-38A 91-38A 
gnt & run no. GT D GT D 	 GT D GT E GT E GT E GT E 
distance 	80 	90 110 	7 	15 	25 	40 
wt. % oxide 
F 0.041 0.494 0 0.011 0.16 0.141 0.14 0 
NA20 0.035 0.03 0.044 0.054 0.054 0.022 0.047 0.015 
MGO 1.255 1.202 1.109 1.149 1.499 1.462 1.507 1.506 
AL203 20.782 20.665 19.848 20.812 20.99 20.803 20.727 20.81 
S102 36.578 36.578 42.283 36.584 36.269 36.699 36.537 36.473 
K20 0 0 0 0 0.016 0.023 0.008 0 
CAO 2.97 2.85 2.377 2.283 2.289 2.602 2.1 1.727 
T102 0.04 0.055 0.025 0.052 0.097 0.108 0.09 0.065 
FEO 34.604 33.475 30.899 31.677 35.211 34.99 35.204 35.888 
MNO 4.187 5.067 5.98 7.161 3.597 3.422 3.695 3.662 
CR203 0.019 0.004 0.012 0.006 0 0.025 0.004 0.015 
TOTAL 100.511 100.42 102.577 99.789 100.182 100.297 100.061 100.159 
stoichiometric formula 
F 0.01054 0.12625 0 0.00284 0.04116 0.03616 0.03604 0 
NA20 0.00551 0.0047 0.00661 0.00856 0.00852 0.00346 0.00742 0.00237 
MGO 0.15198 0.14476 0.12808 0.13993 0.1817 0.1767 0.18283 0.18313 
AL203 1.99085 1.96872 1.81328 2.005 2.01269 1.98888 1.98914 2.00175 
S102 2.97224 2.95583 3.27662 2.98954 2.94994 2.97611 2.97422 2.97592 
K2O 0 0 0 0 0.00166 0.00238 0.00083 0 
CAO 0.25859 0.24677 0.19737 0.1999 0.19949 0.2261 0.18317 0.15099 
T102 0.00245 0.00334 0.00146 0.0032 0.00593 0.00659 0.00551 0.00399 
FEO 2.35047 2.26123 2.00156 2.16382 2.39397 2.37194 2.3955 2.44773 
MNO 0.28819 0.34683 0.39253 0.49568 0.24782 0.23506 0.25478 0.25309 
CR203 0.00122 0.00026 0.00074 0.00039 0 0.0016 0.00026 0.00097 
TOTAL 8.03204 8.05869 7.81823 8.00885 8.04287 8.02498 8.0297 8.01993 
D-55 
Table 3: continued 
sample 91-38A 91-38A 
gnt&runno. GTE 
distance 55 
wt. % oxide 
F 0.519 0.132 
NA20 0.054 0.008 
MGO 1.305 1.501 
AL203 25.042 20.954 
S102 32.956 37.388 
K20 0 0 
CAO 1.83 1.985 
T102 0.057 0.072 
FEO 31.303 34.609 
MNO 7.733 4.722 
CR203 0.007 0.01 
TOTAL 100.806 101.381 
stoichiometric formula 
F 0.13254 0.03347 
NA20 0.00845 0.00124 
MGO 0.15705 0.17935 
AL203 2.38396 1.98062 
S102 2.6612 2.99763 
K20 0 0 
CAO 0.15834 0.17053 
T102 0.00346 0.00434 
FEO 2.11297 2.31952 
MNO 0.52894 0.32069 
CR203 0.00045 0.00063 
TOTAL 8.14736 8.00803 
D-56 
Table 4: Electron probe white mica analyses 
R2 = second traverse run perpendicualr to first traverse run 
distance is given in microns along traverse across mica or %distance from centre of mica 
centre and edge refer to positions on mica 
microns microns microns microns 
distance centre 	centre 	centre 	centre 	30 45 60 80 	centre 
sample 91-12D 	91-12D 	91-12D 	91-12D 	91-12D 91-12D 91-12D 91-12D 91-12D 
mica&run 1 3 5 6 6 6 6 6 	 7 
wt. % oxide 
NA 0.259 0.491 1.225 1.142 1.072 1.233 1.26 1.27 
F 0.114 0.535 0.137 0.182 0 0.011 0 0.023 
MG 1.353 0.786 0.89 0.653 0.743 0.615 0.567 0.609 
SI 46.869 45.545 46.627 45.35 45.981 45.829 45.288 45.314 
AL 33.115 34.122 35.337 36.376 35.673 36.032 36.427 35.974 
K 10.045 10.019 8.554 8.739 8.542 8.618 8.704 8.701 
CA 0 0.017 0.01 0.045 0.057 0.048 0.052 0.048 
TI 0.545 0.192 0.47 0.244 0.305 0.299 0.255 0.264 
Fe 2.32071 2.19113 1.21029 1.45415 1.10501 1.1626 1.03572 1.04562 
MN 0.039 0.004 0.009 0.022 0 0.023 0.015 0.021 
OH 0 0 0 0 0 0 0 0 
TOTAL 94.6597 93.9021 94.4693 94.2072 93.478 93.8706 93.6037 93.2696 
F correction 0.048 0.22526 0.05768 0.07663 0 0.00463 0 0.00968 
Newtotal 94.6117 93.6769 94.4116 94.1305 93.478 93.866 93.6037 93.2599 
stoichiometric values 
NA 0.06739 0.12892 0.31542 0.29592 0.27869 0.31974 0.32787 0.33173 
F 0.04838 0.22913 0.05754 0.07692 0 0.00465 0 0.0098 
MG 0.27058 0.15863 0.17614 0.13006 0.14846 0.12258 0.1134 0.12227 
SI 6.28932 6.16767 6.19185 6.06063 6.16497 6.12924 6.0778 6.10437 
AL 5.23878 5.44756 5.53223 5.73117 5.63871 5.68123 5.76334 5.71327 
K 1.71969 1.73096 1.44922 1.48999 1.46115 1.47046 1.49027 1.49541 
CA 0 0.00247 0.00142 0.00644 0.00819 0.00688 0.00748 0.00693 
TI 0.055 0.01955 0.04694 0.02452 0.03075 0.03007 0.02574 0.02675 
Fe 0.26044 0.24816 0.13442 0.16253 0.12391 0.13004 0.11625 0.1178 
MN 0.00443 0.00046 0.00101 0.00249 0 0.00261 0.00171 0.0024 



























Table 4: continued 
microns micrOns microns microns microns microns microns microns microns 
distance 145 175 200 230 260 20 30 55 	85 
sample 91-12D 91-12D 91-12D 91-12D 91-12D 91-12D 91-12D 91-12D 	91-12D 
mica & run 6 6 6 6 6 6 (R2) 6 (R2) 6 (R2) 	6 (R2) 
wt. % oxide 
NA 1.095 1.154 1.178 1.159 1.217 1.332 1.29 1.184 0.311 
F 0.274 0.103 0 0.436 0 0.252 0.161 0.137 1.138 
MG 0.632 0.602 0.595 0.721 0.759 0.609 0.686 0.625 0.519 
SI 45.744 45.395 45.545 44.717 44.424 45.371 44.668 46.073 46.576 
AL 36.27 36.076 36.125 35.643 35.426 35.891 35.044 36.476 32.076 
K 8.678 8.879 8.608 8.628 8.554 8.537 8.7 8.72 9.99 
CA 0.038 0.024 0.031 0.035 0.049 0.032 0.027 0.07 0.066 
TI 0.255 0.284 0.325 0.302 0.32 0.28 0.322 0.264 0.234 
Fe 1.11761 1.1698 1.32637 1.33807 1.34167 1.28768 1.70881 1.10771 3.67408 
MN 0.01 0.012 0.058 0.013 0.03 0.014 0.022 0.025 0.194 
OH 0 0 0 0 0 0 0 0 0 
TOTAL 94.1136 93.6988 93.7914 92.9921 92.1207 93.6057 92.6288 94.6817 94.7781 
F correction 0.11537 0.04337 0 0.18358 0 0.10611 0.06779 0.05768 0.47916 
New total 93.9982 93.6554 93.7914 92.8085 92.1207 93.4996 92.561 94.624 94.2989 
stoichiometric values 
NA 0.28314 0.3004 0.30608 0.30428 0.32256 0.34688 0.34105 0.30438 
F 0.11556 0.04373 0 0.18671 0 0.10704 0.06943 0.05745 
MG 0.12561 0.12045 0.11883 0.14549 0.15462 0.1219 0.1394 0.1235 
SI 6.1004 6.09438 6.10324 6.05481 6.07247 6.09383 6.09062 6.10871 
AL 5.70242 5.70989 5.70709 5.68971 5.70897 5.6831 5.63334 5.70161 
K 1.47647 1.52078 1.47165 1.49046 1.49176 1.46285 1.51344 1.47503 
CA 0.00543 0.00345 0.00445 0.00508 0.00718 0.00461 0.00394 0.00994 
TI 0.02558 0.02867 0.03275 0.03075 0.0329 0.02828 0.03302 0.02632 
Fe 0.12465 0.13134 0.14865 0.15152 0.15338 0.14464 0.19487 0.12283 
MN 0.00113 0.00136 0.00658 0.00149 0.00347 0.00159 0.00254 0.00281 













Table 4: continued 
microns microns microns microns microns microns microns 
distance 100 125 centre centre 10 50 100 150 200 
sample 91-12D 91-12D 91-12D 91-12D 91-12D 91-12D 91-12D 91-12D 91-12D 
mica & run 6 (R2) 6 (R2) 8 9 9 9 9 9 9 
wt. % oxide 
NA 0.342 0.337 0.377 0.399 0.425 0.348 0.372 0.338 0.429 
F 0.962 1.214 0.446 0.149 0.16 0.263 0.161 0 0 
MG 0.625 0.4 0.597 0.436 0.474 0.448 0.438 0.436 0.458 
SI 45.962 45.217 44.648 44.824 45.151 45.038 44.909 45.04 44.768 
AL 31.163 31.515 34.377 34.95 35.422 35.033 35.144 35.222 35.377 
K 9.61 10.084 10.484 10.509 10.565 10.532 10.637 10.712 10.519 
CA 0.062 0.018 0.011 0.031 0.008 0.025 0 0.008 0 
TI 0.197 0.245 0.279 0.29 0.33 0.45 0.42 0.385 0.404 
Fe 3.69927 3.37713 2.24602 1.91307 1.83479 1.90318 1.89148 1.97786 1.98506 
MN 0.226 0.239 0.054 0.017 0 0.043 0.062 0.017 0.04 
OH 0 0 0 0 0 0 0 0 0 
TOTAL 92.8483 92.6461 93.519 93.5181 94.3698 94.0832 94.0345 94.1359 93.9801 
F correction 0.40505 0.51116 0.18779 0.06274 0.06737 0.11074 0.06779 0 0 
New total 92.4432 92.135 93.3312 93.4553 94.3024 93.9724 93.9667 94.1359 93.9801 
stoichiometric values 
NA 0.09141 0.09049 0.09983 0.10538 0.11116 0.09135 0.09778 0.08876 0.11282 
F 0.4194 0.53173 0.19263 0.06419 0.06826 0.11261 0.06903 0 0 
MG 0.1284 0.08256 0.12151 0.08851 0.09529 0.09039 0.08849 0.08801 0.09258 
SI 6.33582 6.26216 6.09749 6.10556 6.09055 6.09748 6.08801 6.10023 6.07186 
AL 5.06443 5.1455 5.53483 5.61242 5.63313 5.59161 5.61669 5.62405 5.65669 
K 1.69008 1.78171 1.82666 1.82624 1.81819 1.81913 1.83968 1.85097 1.82016 
CA 0.00916 0.00267 0.00161 0.00452 0.00116 0.00363 0 0.00116 0 
TI 0.02042 0.02552 0.02866 0.02971 0.03348 0.04582 0.04282 0.03922 0.04121 
Fe 0.42648 0.39115 0.25653 0.21793 0.20699 0.21549 0.21445 0.22404 0.22517 
MN 0.02639 0.02804 0.00625 0.00196 0 0.00493 0.00712 0.00195 0.0046 
OH 0 0 0 0 0 0 0 0 0 
D-59 
Table 4: continued 
microns microns microns microns microns microns microns microns 
distance 250 335 10 30 45 65 centre 35 65 
sample 91-12D 91-12D 91-12D 91-12D 91-12D 91-12D 91-12D 91-12D 91-12D 
mica & run 9 9 9 (R2) 9 (R2) 9 (R2) 9 (R2) 11 11 11 
wt. % oxide 
NA 0.386 0.307 0.318 0.48 0.364 0.369 0.701 0.686 0.704 
F 0.046 0.115 0.011 0.092 0 0 0 0.467 0.285 
MG 0.501 0.658 1.186 0.464 0.438 0.458 0.962 1.111 1.056 
SI 45.019 45.055 46.144 45.019 44.939 44.862 45.348 45.769 45.541 
AL 35.182 35.301 34.005 35.481 34.967 35.146 33.89 34.562 34.239 
K 10.54 10.441 10.161 10.547 10.534 10.59 10.035 10.085 10.097 
CA 0.001 0.011 0.018 0.004 0 0 0 0 0 
TI 0.385 0.4 0.415 0.322 0.457 0.35 0.172 0.222 0.197 
Fe 2.03365 1.7601 1.7457 1.82849 2.04265 1.89598 2.02286 1.55584 1.85998 
MN 0 0.013 0.001 0.025 0.01 0.006 0.032 0.013 0.021 
OH 0 0 0 0 0 0 0 0. 0 
TOTAL 94.0937 94.0611 94.0047 94.2625 93.7517 93.677 93.1629 94.4708 94 
F correction 0.01937 0.04842 0.00463 0.03874 0 0 0 0.19663 0.12 
New total 94.0743 94.0127 94.0001 94.2238 93.7517 93.677 93.1629 94.2742 93.88 
stoichiometric values 
NA 0.10136 0.08046 0.08317 0.12573 0.09594 0.09729 0.18559 0.17865 0.18464 
F 0.0197 0.04916 0.00469 0.03931 0 0 0 0.19837 0.12192 
MG 0.10112 0.13256 0.23841 0.09342 0.08873 0.09282 0.19576 0.22239 0.21287 
SI 6.09669 6.09027 6.22415 6.08172 6.10875 6.10032 6.19204 6.1474 6.15996 
AL 5.61703 5.62559 5.40748 5.65085 5.6037 5.63427 5.45551 5.47276 5.45989 
K 1.82104 1.8006 1.74857 1.81778 1.82685 1.83718 1.74813 1.72813 1.7424 
CA 0.00015 0.00159 0.0026 0.00058 0 0 0 0 0 
TI 0.03921 0.04066 0.0421 0.03271 0.04672 0.03579 0.01766 0.02242 0.02004 
Fe 0.23033 0.19898 0.19693 0.20658 0.23222 0.21562 0.231 0.17477 0.21041 
MN 0 0.00149 0.00011 0.00286 0.00115 0.00069 0.0037 0.00148 0.00241 
OH 0 0 0 0 0 0 0 0 0 
NOTE 
Table 4: continued 
microns microns microns microns microns microns microns microns microns 
distance 105 140 190 240 270 290 5 20 40 
sample 91-12D 91-12D 91-12D 91-12D 91-12D 91-12D 91-12D 91-12D 91-12D 
mica & run 11 ii 11 11 11 11 11 (R2) 11 (R2) 11 (R2) 
wt. % oxide 
NA 0.709 0.693 0.732 0.705 0.976 1.042 0.687 0.679 0.729 
F 0.296 0.24 0.228 0 0.549 0.344 0 0.103 0.263 
MG 0.95 0.982 0.875 0.808 1.431 1.525 0.937 0.837 0.894 
SI 45.346 45.258 44.867 45.068 46.146 46.587 45.339 45.061 45.147 
AL 34.47 34.249 34.61 34.664 33.994 34.678 34.853 34.689 34.817 
K 10.134 10.086 10.205 10.003 9.943 9.483 10.168 10.144 10.215 
CA 0.006 0.015 0 0 0.027 0 0 0 0 
TI 0.15 0.202 0.247 0.249 0.325 0.352 0.237 0.209 0.222 
Fe 2.01116 1.95807 1.99946 2.02106 0.94214 0.48502 1.70701 1.91217 1.81319 
MN 0.026 0.017 0.032 0.001 0.009 0 0 0.009 0.045 
OH 0 0 0 0 0 0 0 0 0 
TOTAL 94.0982 93.7001 93.7955 93.5191 94.3421 94.496 93.928 93.6432 94.1452 
F correction 0.12463 0.10105 0.096 0 0.23116 0.14484 0 0.04337 0.11074 
Newtotal 93.9735 93.599 93.6995 93.5191 94.111 94.3512 93.928 93.5998 94.0345 
stoichiometric values 
NA 0.18598 0.18247 0.19287 0.1859 0.25385 0.26888 0.18018 0.17887 0.1911 
F 0.12665 0.10308 0.09799 0 0.2329 0.14479 0 0.04426 0.11245 
MG 0.19154 0.19874 0.17721 0.16376 0.28607 0.30247 0.18889 0.16948 0.18013 
SI 6.13461 6.14606 6.09708 6.12906 6.18995 6.19997 6.13275 6.12218 6.10381 
AL 5.49765 5.48324 5.54478 5.55765 5.3758 5.44085 5.5579 5.55628 5.54946 
K 1.74908 1.74744 1.76925 1.73555 1.70158 1.6101 1.75469 1.75831 1.76194 
CA 0.00087 0.00218 0 0 0.00388 0 0 0 0 
TI 0.01526 0.02063 0.02524 0.02547 0.03279 0.03523 0.02411 0.02136 0.02257 
Fe 0.22755 0.22238 0.22724 0.22987 0.10569 0.05398 0.19311 0.21727 0.20502 
MN 0.00298 0.00196 0.00368 0.00012 0.00102 0 0 0.00104 0.00515 
























Table 4: continued 
microns % % 
distance 55 65 centre centre centre centre centre -86.6667 -73.3333 
sample 91-12D 91-12D 90-29F 90-29F 90-29F 90-29F 90-29F 91-9B 91-9B 
mica & run 11 (R2) 11 (R2) 1 2 3 4 6 1 1 
wt. % oxide 
NA 0.729 0.744 0.294 0.623 1.973 1.334 1.041 0.898 0.902 
F 0.228 0.08 0.3 0.023 0 0.126 0.196 0 0 
MG 1.01 0.879 1.438 1.3 0.864 0.695 0.958 0.733 0.814 
SI 45.288 45.111 45.419 45.844 44.46 44.899 45.622 45.183 45.324 
AL 34.506 34.477 32.507 32.612 33.831 33.533 33.954 35.309 34.647 
K 10.182 10.158 9.992 10.18 7.856 8.727 9.174 9.142 9.069 
CA 0 0 0.029 0.015 0.021 0.055 0.006 0 0 
TI 0.187 0.275 0.867 0.414 0.335 0.42 0.444 0.621 0.696 
Fe 1.90318 2.04175 1.91577 2.38549 3.11077 2.46108 1.34347 1.30478 1.42896 
MN 0.027 0.034 0.036 0.01 0.015 0 0.022 0.021 0.004 
OH 0 0 0 0 0 0 0 0 0 
TOTAL 94.0602 93.7998 92.7978 93.4065 92.4658 92.2501 92.7605 93.2118 92.885 
F correction 0.096 0.03368 0.12632 0.00968 0 0.05305 0.08253 0 0 
New total 93.9642 93.7661 92.6715 93.3968 92.4658 92.197 92.6779 93.2118 92.885 
stoichiometric values 
NA 0.1913 0.19593 0.07811 0.16499 0.52569 
F 0.09759 0.03436 0.13 0.00994 0 
MG 0.20371 0.17792 0.29363 0.26462 0.17694 
SI 6.12905 6.127 6.22304 6.26157 6.10947 
AL 5.50544 5.52055 5.25085 5.25129 5.48071 
K 1.75802 1.76017 1.74662 1.7739 1.37726 
CA 0 0 0.00426 0.0022 0.00309 
TI 0.01903 0.02809 0.08934 0.04253 0.03462 
Fe 0.21541 0.23192 0.21953 0.27249 0.3575 
MN 0.0031 0.00391 0.00418 0.00116 0.00175 













Table 4: continued 
distance -60 -46.6667 -33.3333 -20 -6.66667 6.66667 20 33.3333 46.6667 
sample 91-9B 91-913 91-9B 91-913 91-9B 91-913 91-913 91-913 91-9B 
mica&run 1 1 1 1 1 1 1 1 1 
wt. % oxide 
NA 0.887 0.838 0.887 1.003 0.993 0.957 0.933 0.964 0.834 
F 0 0.058 0 0 0 0 0 0 0 
MG 0.965 0.907 0.972 0.909 0.897 0.885 0.894 0.907 0.862 
SI 45.838 45.466 45.312 45.359 45.173 44.672 45.198 44.995 44.967 
AL 34.294 34.481 34.29 34.389 34.19 34.466 34.474 34.4 34.447 
K 8.767 9.112 9 8.925 8.933 8.822 9.008 8.83 8.956 
CA 0.011 0.007 0 0 0.007 0.011 0 0 0.004 
TI 0.781 0.812 0.814 0.822 0.839 0.797 0.806 0.769 0.822 
Fe 1.51714 1.52614 1.50274 1.45595 1.40466 1.44515 1.40016 1.49285 1.39476 
MN 0 0.001 0.001 0 0 0 0.014 0 0.015 
OH 0 0 0 0 0 0 0 0 0 
TOTAL 93.0601 93.2081 92.7787 92.863 92.4367 92.0552 92.7272 92.3578 92.3018 
F correction 0 0.02442 0 0 0 0 0 0 0 
New total 93.0601 93.1837 92.7787 92.863 92.4367 92.0552 92.7272 92.3578 92.3018 
stoichiometric values 
NA 0.2326 0.22 0.23386 0.26409 0.26269 0.25421 0.24607 0.25518 0.22086 
F 0 0.02484 0 0 0 0 0 0 0 
MG 0.19451 0.18302 0.19697 0.18397 0.18239 0.18069 0.18123 0.18454 0.17546 
SI 6.19938 6.15606 6.16132 6.15965 6.16316 6.11995 6.14795 6.14278 6.14166 
AL 5.468 5.50407 5.49687 5.50554 5.49935 5.56661 5.52828 5.53665 5.54665 
K 1.51271 1.57402 1.56129 1.54626 1.5549 1.54192 1.56322 1.53795 1.56059 
CA 0.00159 0.00102 0 0 0.00102 0.00161 0 0 0.00059 
TI 0.07944 0.08269 0.08324 0.08395 0.08609 0.08212 0.08245 0.07896 0.08443 
Fe 0.1716 0.17282 0.17089 0.16535 0.16028 0.16558 0.15928 0.17045 0.15932 
MN 0 0.00011 0.00012 0 0 0 0.00161 0 0.00174 
OH 0 0 0 0 0 0 0 0 0 
D-63 
Table 4: continued 
distance 60 73.3333 86.6667 100 -60 -20 20 60 -80 
sample 91-913 91-913 91-9B 91-9B 91-9B 91-913 91-913 91-913 91-913 
mica & run 1 1 1 1 1 (R2) 1 (R2) 1 (R2) 1 (R2) 2 
wt. % oxide 
NA 0.841 0.797 0.786 0.952 0.944 0.89 0.91 0.946 0.867 
F 0 0 0.394 0 0 0 0 0 0.046 
MG 0.859 0.847 0.861 0.912 0.89 0.836 0.885 0.861 0.761 
SI 45.04 45.35 44.494 45.205 45.19 45.442 45.046 45.021 45.979 
AL 34.498 34.453 34.356 34.447 34.43 34.247 34.647 34.247 35.163 
K 9.044 9.034 9.137 8.904 8.871 9.212 8.848 9.139 8.986 
CA 0 0.015 0.007 0.024 0.015 0 0.022 0.008 0.006 
TI 0.802 0.821 0.826 0.824 0.762 0.819 0.832 0.836 0.539 
Fe 1.35877 1.47395 1.40376 1.62332 1.47845 1.24809 1.45145 1.37047 1.08342 
MN 0.012 0 	. 0.01 0 0.009 0 0 0 0.005 
OH 0 0 0 0 0 0 0 0 0 
TOTAL 92.4548 92.7909 92.2748 92.8913 92.5894 92.6941 92.6415 92.4285 93.4354 
F correction 0 0 0.16589 0 0 0 0 0 0.01937 
New total 92.4548 92.7909 92.1089 92.8913 92.5894 92.6941 92.6415 92.4285 93.416 
stoichiometric values 
NA 0.2224 0.20998 0.20868 0.25081 0.24923 0.23477 0.24007 0.25057 0.226 
F 0 0 0.17062 0 0 0 0 0 0.01956 
MG 0.1746 0.17152 0.1757 0.18468 0.1806 0.1695 0.17945 0.17529 0.15247 
SI 6.14295 6.16215 6.09234 6.14234 6.15315 6.18232 6.12887 6.15017 6.18122 
AL 5.54703 5.51911 5.54591 5.51806 5.52688 5.49293 5.55747 5.51546 5.57299 
K 1.5737 1.56609 1.59613 1.54353 1.54102 1.59893 1.53586 1.59276 1.54121 
CA 0 0.00218 0.00103 0.00349 0.00219 0 0.00321 0.00117 0.00086 
TI 0.08226 0.0839 0.08506 0.0842 0.07803 0.0838 0.08513 0.08589 0.0545 
Fe 0.15499 0.1675 0.16075 0.18447 0.16836 0.14201 0.16516 0.15657 0.12181 
MN 0.00139 0 0.00116 0 0.00104 0 0 0 0.00057 
OH 0 0 0 0 0 0 0 0 0 
I,s 
Table 4: continued 
distance -60 -40 -20 0 20 40 60 80 100 
sample 91-913 91-9B 91-9B 91-913 91-913 91-913 91-913 91-9B 91-913 
mica&run 2 2 2 2 2 2 2 2 2 
wt. % oxide 
NA 0.964 0.801 0.755 0.816 0.782 0.983 1.026 0.809 0.651 
F 0.035 0 0 0 0 0.058 2.123 0 0 
MG 0.884 0.925 0.764 1.02 0.897 0.89 0.937 0.9 0.793 
SI 44.815 46.57 45.474 45.164 45.431 45.547 45.515 45.324 45.515 
AL 34.774 35.192 35.135 33.816 34.304 34.428 34.719 34.564 34.678 
K 9.086 9.242 9.542 8.769 9.289 9.084 9.205 9.431 9.491 
CA 0.01 0.008 0 0.001 0.004 0.001 0 0 0 
TI 0.469 0.475 0.504 0.427 0.409 0.447 0.45 0.462 0.54 
Fe 1.27868 1.24269 1.1473 1.71331 1.28048 1.25799 1.21029 1.27238 1.09871 
MN 0.013 0 0.015 0.021 0.006 0 0.04 0.009 0 
OH 0 0 0 0 0 0 0 0 0 
TOTAL 92.3287 94.4557 93.3363 91.7473 92.4025 92.696 95.2253 92.7714 92.7667 
F correction 0.01474 0 0 0 0 0.02442 0.89389 0 0 
New total 92.3139 94.4557 93.3363 91.7473 92.4025 92.6716 94.3314 92.7714 92.7667 
stoichiometric values 
NA 0.25537 0.20685 0.19786 0.21738 0.20688 0.25905 0.26402 0.21344 0.17147 
F 0.01512 0 0 0 0 0.02493 0.89108 0 0 
MG 0.18 0.1836 0.1539 0.20885 0.1824 0.18027 0.18533 0.18251 0.16054 
SI 6.12288 6.20234 6.14634 6.20513 6.19869 6.19046 6.04048 6.16733 6.18285 
AL 5.60111 5.52561 5.59862 5.47732 5.51798 5.51648 5.43215 5.54473 5.55362 
K 1.58375 1.57035 1.64541 1.53706 1.61696 1.57515 1.55855 1.63722 1.64486 
CA 0.00146 0.00114 0 0.00015 0.00058 0.00015 0 0 0 
TI 0.04819 0.04758 0.05123 0.04412 0.04197 0.04569 0.04491 0.04728 0.05517 
Fe 0.14611 0.13842 0.12969 0.19687 0.14612 0.14299 0.13433 0.1448 0.12482 
MN 0.0015 0 0.00172 0.00244 0.00069 0 0.0045 0.00104 0 
OH 0 0 0 0 0 0 0 0 0 
D-65 
Table 4: continued 
distance 	-77.7778 -55.5556 -33.3333 -11.1111 11.1111 33.3333 55.5556 77.7778 	100 
sample 91 -9B 91 -9B 91 -9B 91 -9B 91 -9B 91 -9B 91 -9B 91 -9B 	91 -9B 
mica & run 	2 (R2) 42(R2) 2 (R2) 2 (R2) 72(R2) 2 (R2) 2 (R2) 12 (R2) 	2 (R2) 
wt. % oxide 
NA 0.84 0.899 0.887 0.878 0.624 0.554 0.69 0.729 0.801 
F 0 0.069 0 0.023 0 0 0 0 0.081 
MG 0.725 0.877 0.897 0.869 0.814 0.768 0.74 0.736 0.803 
SI 44.841 45.543 45.834 45.635 44.775 45.348 45.228 45.17 45.153 
AL 35.292 34.681 34.812 34.989 34.545 34.808 34.704 34.918 34.793 
K 9.516 9.331 9.436 9.319 9.485 9.831 9.81 9.716 9.403 
CA 0.001 0 0 0 0.003 0 0 0.004 0.003 
TI 0.469 0.452 0.464 0.425 0.499 0.634 0.744 0.767 0.751 
Fe 1.11941 1.25529 1.27778 1.28138 1.1761 1.1563 1.2058 1.1671 1.33807 
MN 0.003 0 0.004 0.017 0.012 0.009 0.012 0.003 0 
OH 0 0 0 0 0 0 0 0 0 
TOTAL 92.8064 93.1073 93.6118 93.4364 91.9331 93.1083 93.1338 93.2101 93.1261 
F correction 0 0.02905 0 0.00968 0 0 0 0 0.03411 
Newtotal 92.8064 93.0782 93.6118 93.4267 91.9331 93.1083 93.1338 93.2101 93.092 
stoichiometric values 
NA 0.22159 0.23616 0.23182 0.22978 0.1661 0.14576 0.18169 0.19169 0.21067 
F 0 0.02956 0 0.00982 0 0 0 0 0.03475 
MG 0.147 0.17708 0.18019 0.1748 0.16654 0.15531 0.14977 0.14875 0.16233 
SI 6.10072 6.17018 6.17803 6.15944 6.14676 6.15338 6.14232 6.12562 6.12489 
AL 5.6607 5.53931 5.53195 5.56753 5.59092 5.5683 5.55638 5.58261 5.56405 
K 1.65174 1.61282 1.62267 1.6047 1.66123 1.7019 1.69971 1.681 1.62727 
CA 0.00015 0 0 0 0.00044 0 0 0.00058 0.00044 
TI 0.04799 0.04605 0.04704 0.04314 0.05152 0.0647 0.07599 0.07823 0.07661 
Fe 0.12737 0.14223 0.14404 0.14464 0.13503 0.13122 0.13695 0.13237 0.1518 
MN 0.00035 0 0.00046 0.00194 0.0014 0.00103 0.00138 0.00034 0 
OH 0 0 0 0 0 0 0 0 0 
D-66 
Table 4: continued 
distance 	-66.6667 	-33.3333 0 33.3333 66.6667 100 0 50 	100 
sample 91-913 91-913 91-913 91-913 91-913 91-913 91-9B 91-913 	91-913 
mica & run 	3 	3 3 3 3 3 3 (R2) 3 (R2) 	3 (R2) 
wt. % oxide 
NA 0.844 0.845 0.969 0.864 0.786 0.929 0.91 0.779 
F 0 0 0.023 0 0 0 0 0 
MG 0.509 1.01 0.6 0.6 0.746 0.64 0.711 0.569 
SI 44.454 43.008 44.672 44.715 44.075 44.68 44.941 44.991 
AL 34.139 33.349 34.062 33.903 33.219 33.731 33.971 33.882 
K 9.711 9.293 9.566 9.611 9.418 9.401 9.462 9.617 
CA 0 0.007 0 0.006 0.02 0.001 0.003 0.022 
TI 0.41 0.37 0.364 0.417 0.425 0.402 0.36 0.407 
Fe 2.67345 3.36813 2.70944 2.68604 2.9254 2.70314 2.74813 2.74723 
MN 0.005 0.008 0.001 0.017 0.005 0.021 0.006 0.039 
OH 0 0 0 0 0 0 0 0 
TOTAL 92.7454 91.2581 92.9664 92.819 91.6194 92.5081 93.1121 93.0532 
F correction 0 0 0.00968 0 0 0 0 0 
Newtotal 92.7454 91.2581 92.9568 92.819 91.6194 92.5081 93.1121 93.0532 
stoichiometric values 
NA 0.22515 0.23013 0.25775 0.23014 0.21236 0.24807 0.24143 0.20691 
F 0 0 0.00998 0 0 0 0 0 
MG 0.10436 0.21142 0.12267 0.12284 0.15492 0.13136 0.14499 0.11616 
SI 6.11596 6.04083 6.1284 6.1429 6.14141 6.1533 6.14934 6.16304 
AL 5.53723. 5.52227 5.50896 5.49093 5.45695 5.47661 5.48001 5.47174 
K 1.70451 1.66527 1.67426 1.6845 1.67423 1.65177 1.65177 1.6807 
CA 0 0.00105 0 0.00088 0.00299 0.00015 0.00044 0.00323 
TI 0.04242 0.03908 0.03756 0.04308 0.04454 0.04164 0.03705 0.04193 
Fe 0.30761 0.39565 0.31086 0.30861 0.34091 0.31134 0.31448 0.31473 
MN 0.00058 0.00095 0.00012 0.00198 0.00059 0.00245 0.0007 0.00453 



























Table 4: continued 
distance -20 0 20 40 80 100 -60 -40 -20 
sample 91-9B 91-9B 91-913 91-9B 91-9B 91-913 91-913 91-9B 91-9B 
mica & run 4 4 4 4 4 4 4 (R2) 4 (R2) 4 (R2) 
wt. % oxide 
NA 1.453 1.402 1.344 1.446 1.41 1.463 1.495 1.409 1.673 
F 0 0.069 0 0.023 0 0 0 0 0 
MG 0.6 0.594 0.546 0.587 0.567 0.398 0.429. 0.645 0.667 
SI 44.933 44.903 44.965 45.71 44.479 45.84 44.728 45.1 45.102 
AL 35.749 35.673 35.794 36.133 3056 37.079 36.49 35.851 35.594 
K 8.508 8.471 8.306 8.419 8.343 8.021 8.483 8.4 8.041 
CA 0 0.01 0.006 0 0.004 0.035 0.008 0.022 0.004 
TI 0.4 0.385 0.385 0.387 0.285 0.267 0.269 0.369 0.427 
Fe 0.95204 1.09871 0.97903 1.03302 1.40106 0.90705 0.97093 1.10231 1.04112 
MN 0.025 0 0 0 0.014 0 0 0.013 0.019 
OH 0 0 0 0 0 0 0 0 0 
TOTAL 92.62 92.6057 92.325 93.738 92.8591 94.01 92.8729 92.9113 92.5681 
F correction 0 0.02905 0 0.00968 0 0 0 0 0 
Newtotal 92.62 92.5767 92.325 93.7283 92.8591 94.01 92.8729 92.9113 92.5681 
stoichiometric values 
NA 0.38205 0.36881 0.35379 0.37509 0.37036 0.37691 0.39194 0.3692 0.43937 
F 0 0.02961 0 0.00973 0 0 0 0 0 
MG 0.12126 0.1201 0.11047 0.11704 0.11447 0.07881 0.08645 0.1299 0.13464 
SI 6.09323 6.09208 6.10458 6.11517 6.02547 6.09074 6.04767 6.09475 6.10887 
AL 5.71523 5.70581 5.729 5.69887 5.8063 5.80819 5.81661 5.71174 5.68367 
K 1.47194 1.46624 1.43865 1.43694 1.44191 1.35967 1.46332 1.44824 1.38949 
CA 0 0.00145 0.00087 0 0.00058 0.00498 0.00116 0.00319 0.00058 
TI 0.04079 0.03928 0.03931 0.03894 0.02904 0.02668 0.02735 0.0375 0.0435 
Fe 0.10797 0.12467 0.11116 0.11558 0.15873 0.10079 0.10979 0.12458 0.11793 
MN 0.00287 0 0 0 0.00161 0 0 0.00149 0.00218 
OH 0 0 0 0 0 0 0 0 0 
D-68 
Table 4: continued 
distance 0 20 centre -60 -40 -20 0 100 0 
sample 91-9B 91-913 91-913 91-913 91-9B 91-9B 91-913 91-913 91-9B 
mica & run 4 (R2) 4 (R2) 4 (R2) 5 5 5 5 5 5 (R2) 
wt. % oxide 
NA 1.593 1.618 1.574 0.26 0.257 0.305 0.28 0.255 0.306 
F 0 0 0 2.238 1.882 2.45 2.204 1.69 3.463 
MG 0.662 0.565 0.604 1.01 1.103 0.934 0.955 0.973 0.953 
SI 45.016 44.997 44.342 45.787 43.279 44.922 45.303 43.365 45.046 
AL 35.777 35.84 35.781 28.046 27.411 28.252 28.265 27.945 28.155 
K 8.242 8.4 8.068 10.072 9.935 10.181 10.216 10.328 10.209 
CA 0 0 0.015 0.013 0.035 0.013 0.004 0.059 0.003 
TI 0.407 0.39 0.387 0.737 2.334 0.829 0.827 0.802 0.814 
Fe 0.94844 0.89805 1.04382 6.02448 6.67057 6.4582 6.15225 6.29803 6.26923 
MN 0 0.001 0.014 0.267 0.303 0.287 0.347 0.276 0.35 
OH 0 0 0 0 0 0 0 0 0 
TOTAL 92.6454 92.709 91.8288 94.4545 93.2096 94.6312 94.5533 91.991 95.5682 
Fcorrection 0 0 0 0.94232 0.79242 1.03158 0.928 0.71158 1.45811 
New total 92.6454 92.709 91.8288 93.5122 92.4171 93.5996 93.6253 91.2795 94.1101 
stoichiometric values 
NA 0.41819 0.42478 0.41699 0.06963 0.07045 0.08195 0.07513 0.07069 0.0814 
F 0 0 0 0.97763 0.84144 1.07369 0.96462 0.76416 1.50261 
MG 0.13358 0.11401 0.12299 0.20791 0.23239 0.19288 0.19696 0.20732 0.19486 
SI 6.09471 6.09262 6.05861 6.32423 6.11829 6.22478 6.26937 6.19998 6.18017 
AL 5.71055 5.72106 5.76365 4.56692 4.56841 4.61532 4.61141 4.71024 4.55394 
K 1.42364 1.45105 1.40639 1.77485 1.79185 1.79985 1.80368 1.88386 1.78693 
CA 0 0 0.0022 0.00192 0.0053 0.00193 0.00059 0.00904 0.00044 
TI 0.04144 0.03971 0.03977 0.07656 0.24815 0.08639 0.08607 0.08623 0.08399 
Fe 0.10739 0.10169 0.11928 0.69592 0.78866 0.74843 0.71204 0.75306 0.71934 
MN 0 0.00011 0.00162 0.03124 0.03628 0.03369 0.04068 0.03342 0.04067 
OH 0 0 0 0 0 0 0 0 0 
D-69 
Table 4: continued 
distance 	50 	100 	centre 	centre 	centre 	centre 	centre 	centre centre 
sample 91-9B 91-9B 91-913 91-913 91-9B 91-913 91-85A 91-85A 91-85A 
mica & run 	5 (R2) 	5 (R2) 	6 	7 	8 	9 	1 	2 	 3 
wt. % oxide 
NA 0.244 0.253 1.217 1.963 0.365 1.158 0.813 0.737 1.924 
F 2.31 2.212 0.173 0 1.302 0 0.196 0.069 0 
MG 0.965 0.935 0.837 0.872 0.877 1.176 0.96 0.962 0.803 
SI 45.046 45.245 46.204 45.633 46.499 45.551 45.992 45.596 46.225 
AL 28.274 28.355 34.63 34.889 31.934 33.631 34.387 33.644 35.161 
K 10.279 10.308 8.648 8.101 10.188 8.248 9.089 9.514 7.896 
CA 0.021 0.001 0.007 0 0 0.039 0.098 0.071 0.022 
TI 0.797 0.826 0.427 0.671 0.457 0.414 0.522 0.741 0.39 
Fe 6.20355 6.17115 1.195 1.40106 3.03068 2.3342 1.44695 1.79969 0.93944 
MN 0.279 0.291 0.004 0.009 0.048 0.021 0.008 0.006 0.015 
OH 0 0 0 0 0 0 0 0 0 
TOTAL 94.4185 94.5972 93.342 93.5391 94.7007 92.5722 93.512 93.1397 93.3754 
F correction 0.97263 0.93137 0.07284 0 0.54821 0 0.08253 0.02905 0 
New total 93.4459 93.6658 93.2692 93.5391 94.1525 92.5722 93.4294 93.1106 93.3754 
stoichiometric values 
NA 0.06562 0.06788 0.31748 0.51207 0.09555 0.30615 0.21246 0.1944 
F 1.01326 0.96799 0.07361 0 0.55594 0 0.08355 0.02969 
MG 0.19947 0.19281 0.16783 0.17484 0.17646 0.23898 0.19283 0.19504 
SI 6.24764 6.26048 6.21639 6.13938 6.27782 6.21101 6.19886 6.20296 
AL 4.62311 4.62545 5.49286 5.53378 5.08283 5.4062 5.46401 5.39595 
K 1.81883 1.81967 1.48442 1.39048 1.75483 1.43481 1.56288 1.65127 
CA 0.00312 0.00015 0.00101 0 0 0.0057 0.01415 0.01035 
TI 0.08313 0.08596 0.04321 0.06789 0.0464 0.04245 0.05291 0.07581 
Fe 0.71957 0.71413 0.13446 0.15764 0.3422 0.26618 0.1631 0.20476 
MN 0.03278 0.03411 0.00046 0.00103 0.00549 0.00243 0.00091 0.00069 













Table 4: continued 
microns microns microns microns microns microns microns microns microns 
distance 10 35 90 150 200 250 300 370 	410 
sample 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 	91-85A 
mica&run 4 4 4 4 4 4 4 4 4 
wt. % oxide 
NA 0.774 0.816 0.836 0.798 0.805 0.727 0.824 0.785 0.663 
F 0.401 0 0.434 0.161 0.115 0.08 0 0.15 0.389 
MG 1.101 1.071 1.119 1.078 1.008 1.031 0.968 0.973 0.985 
SI 45.84 45.874 46.14 46.296 46.116 46.612 45.504 45.772 46.51 
AL 33.368 33.533 33.589 33.302 33.552 33.795 33.701 33.799 33.95 
K 9.48 9.339 9.393 9.367 9.389 9.268 9.369 9.539 9.239 
CA 0.011 0.011 0 0.013 0.004 0.022 0.043 0.031 0.05 
TI 0.717 0.734 0.752 0.722 0.762 0.704 0.772 0.769 0.746 
Fe 1.97516 1.91217 1.83479 1.72141 1.84469 1.79699 1.779 1.80599 1.7835 
MN 0.022 0 0 0.036 0.043 0.017 0.014 0.03 0 
OH 0 0 0 0 0 0 0 0 0 
TOTAL 93.6892 93.2902 94.0978 93.4944 93.6387 94.053 92.974 93.654 94.3155 
F correction 0.16884 0 0.18274 0.06779 0.04842 0.03368 0 0.06316 0.16379 
New total 93.5203 93.2902 93.9151 93.4266 93.5903 94.0193 92.974 93.5908 94.1517 
stoichiometric values 
NA 0.20315 0.21472 0.21811 0.20927 0.21099 0.18925 0.2176 0.20597 
F 0.17167 0 0.18469 0.06887 0.04916 0.03397 0 0.0642 
MG 0.22212 0.21662 0.2244 0.21729 0.20307 0.20629 0.19648 0.19623 
SI 6.20522 6.22569 6.20843 6.26148 6.23386 6.25792 6.19755 6.19405 
AL 5.32514 5.36513 5.3283 5.30996 5.34702 5.349 5.41129 5.3922 
K 1.6372 1.61697 1.61246 1.61628 1.61922 1.58745 1.62797 1.64687 
CA 0.0016 0.0016 0 0.00188 0.00058 0.00316 0.00628 0.0045 
TI 0.07299 0.07492 0.0761 0.07344 0.07747 0.07108 0.07908 0.07826 
Fe 0.22361 0.21703 0.20647 0.19471 0.20855 0.20177 0.20264 0.20439 
MN 0.00252 0 0 0.00412 0.00492 0.00193 0.00162 0.00344 













Table 4: continued 
microns microns microns microns microns microns microns microns microns 
distance 430 10 30 50 60 35 100 130 190 
sample 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 
mica & run 4 4 (R2) 4 (R2) 4 (R2) 4 (R2) 5 5 5 5 
wt. % oxide 
NA 0.677 0.755 0.84 0.836 0.717 0.875 0.913 0.89 0.868 
F 0.069 0.081 0.219 0.161 0.093 0.309 0 0 0.344 
MG 0.987 1.055 1.066 0.934 0.925 0.973 0.917 1.023 0.977 
SI 47.113 45.943 45.876 4.474 45.025 45.487 45.202 45.138 45.202 
AL 34.436 33.569 33.295 33.918 33.533 32.645 32.824 32.365 32.355 
K 9.392 9.508 9.419 9.526 9.511 9.514 9.552 9.472 9.507 
CA 0.094 0 0.015 0.013 0.059 0.077 0.053 0.07 0.027 
TI 0.706 0.742 0.746 0.744 0.751 0.751 0.727 0.761 0.746 
Fe 1.63232 1.82309 1.71601 1.788 1.743 2.69954 2.67435 2.79313 2.69144 
MN 0.014 0.003 0.013 0 0.025 0.031 0.013 0 0.019 
OH 0 0 0 0 0 0 0 0 0 
TOTAL 95.1203 93.4791 93.205 93.394 92.382 93.3615 92.8753 92.5121 92.7364 
F correction 0.02905 0.03411 0.09221 0.06779 0.03916 0.13011 0 0 0.14484 













NA 0.17408 0.19832 0.22122 0.22001 0.19079 0.23175 0.24312 0.23803 
F 0.02894 0.03471 0.09407 0.06911 0.04036 0.13349 0 0 
MG 0.19508 0.21301 0.21578 0.18893 0.18919 0.19808 0.18769 0.2103 
SI 6.24805 6.22419 6.23113 6.17204 6.179 6.21348 6.2078 6.22612 
AL 5.38399 5.36154 5.33148 5.42729 5.42531 5.25717 5.31446 5.26306 
K 1.58907 1.64336 1.63218 1.64952 1.66522 1.65803 1.67362 1.66686 
CA 0.01336 0 0.00218 0.00189 0.00868 0.01127 0.0078 0.01035 
TI 0.07041 0.0756 0.0762 0.07594 0.07751 0.07715 0.07509 0.07894 
Fe 0.18104 0.20656 0.19493 0.20296 0.20005 0.3084 0.30717 0.32221 
MN 0.00157 0.00034 0.0015 0 0.00291 0.00359 0.00151 0 
OH 0 0 0 0 0 0 0 0 
D-72 
Table 4: continued 
microns microns microns microns microns microns microns microns 
distance 290 410 610 edge 35 75 150 450 	590 
sample 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 91-85A 
mica&run 5 5 5 5 6 6 6 6 	 6 
wt. % oxide 
NA 0.914 0.937 0.756 0.933 1.136 1.019 1.091 1.205 1.266 
F 0.252 0.513 0 0.115 0.035 0 0.081 0.287 0 
MG 1.078 1.018 1.071 1.04 0.769 0.879 0.861 0.731 0.614 
SI 45.068 45.357 46.125 44.826 45.534 45.188 46.193 45.69 45.386 
AL 31.932 32.238 32.021 31.9 34.485 33.706 34.001 34.651 34.644 
K 9.478 9.666 9.434 9.557 9.19 9.148 9.236 9.254 9.068 
CA 0.074 0.011 0.108 0.091 0.001 0.013 0.076 0.034 0.015 
TI 0.742 0.707 0.639 0.734 0.44 0.53 0.474 0.464 0.315 
Fe 2.9389 2.86241 2.62305 3.02439 1.45505 1.59543 1.61343 1.49735 1.31828 
MN 0.013 0 0 0.023 0.022 0 0 0 0.019 
OH 0 0 0 0 0 0 0 0 0 
TOTAL 92.4899 93.3094 92.7771 92.2434 93.0671 92.0784 93.6264 93.8133 92.6453 
F correction 0.10611 0.216 0 0.04842 0.01474 0 0.03411 0.12084 0 
New total 92.3838 93.0934 92.7771 92.195 93.0523 92.0784 93.5923 93.6925 92.6453 
stoichiometric values 
NA 0.24489 0.24888 0.20093 0.25102 0.29891 0.27123 0.28548 0.31485 
F 0.11013 0.22226 0 0.05047 0.01592 0 0.03457 0.12231 
MG 0.22201 0.20784 0.21879 0.21507 0.15553 0.17983 0.17317 0.14681 
SI 6.22777 6.21347 6.32269 6.22007 6.17926 6.20326 6.23397 6.15701 
AL 5.20209 5.2065 5.17474 5.21847 5.5172 5.45496 5.40963 5.50493 
K 1.67094 1.68934 1.64984 1.69187 1.5911 1.60215 1.59021 1.59096 
CA 0.01096 0.00161 0.01586 0.01353 0.00015 0.00191 0.01099 0.00491 
TI 0.07711 0.07284 0.06588 0.0766 0.04491 0.05472 0.04811 0.04702 
Fe 0.33964 0.32794 0.30071 0.35098 0.16514 0.18317 0.1821 0.16875 
MN 0.00152 0 0 0.0027 0.00253 0 0 0 













Table 4: continued 
microns microns microns microns microns microns microns 
distance 60 130 200 280 10 35 50 
sample 91-85A 91-85A 91-85A 91-85A 91-120 91-12G 91-12G 
mica&run 7 7 7 7 1 1 1 



















NA 0.956 1.227 1.31 1.091 0.966 0.608 0.89 0.907 
F 0.081 0.081 0.231 0 0.148 0.023 0.023 0 
MG 0.71 0.849 0.907 0.798 0.831 1.428 0.915 0.924 
SI 46.152 45.861 45.607 46.039 45.074 46.441 45.181 45.228 
AL 35.639 34.772 34.364 34.865 33.194 32.697 33.142 33.172 
K 8.866 8.62 8.666 8.679 9.307 8.904 9.377 9.007 
CA 0.057 0.032 0.088 0.038 0.025 0.085 0.011 0.108 
TI 0.601 0.659 0.651 0.627 0.254 0.249 0.234 0.247 
Fe 1.00333 1.07262 1.22649 1.08612 3.08738 3.29524 3.46981 3.5409 
MN 0.013 0 0.017 0.034 0 0.059 0.031 0.001 
OH 0 0 0 0 0 0 0 0 
TOTAL 94.0783 93.1736 93.0675 93.2571 92.8864 93.7892 93.2738 93.1349 
F correction 0.03411 0.03411 0.09726 0 0.06232 0.00968 0.00968 0 
New total 94.0442 93.1395 92.9702 93.2571 92.8241 93.7796 93.2641 93.1349 
stoichiometric values 
NA 0.24728 0.32068 0.34364 0.28475 0.25724 0.15969 0.23653 0.24096 
F 0.03417 0.03453 0.09884 0 0.06429 0.00985 0.00997 0 
MG 0.14116 0.17055 0.18288 0.16009 0.17009 0.28829 0.18691 0.18868 
SI 6.1569 6.18161 6.17024 6.19723 6.19052 6.29094 6.19279 6.19683 
AL 5.60512 5.52555 5.48103 5.53285 5.37463 5.22167 5.35546 5.35823 
K 1.50897 1.48234 1.49579 1.49047 1.63077 1.53879 1.63974 1.57443 
CA 0.00815 0.00462 0.01276 0.00548 0.00368 0.01234 0.00162 0.01586 
TI 0.0603 0.0668 0.06624 0.06347 0.02624 0.02537 0.02412 0.02545 
Fe 0.11194 0.12091 0.13877 0.12227 0.35462 0.37332 0.39775 0.40574 
MN 0.00147 0 0.00195 0.00388 0 0.00677 0.0036 0.00012 













Table 4: continued 
microns microns microns microns microns microns microns microns 
distance 30 70 130 190 310 edge 5 45 85 
sample 91-12G 91-120 91-12G 91-120 91-12G 91-120 91-12G 91-12G 91-120 
mica&run 2 2 2 2 2 2 3 3 3 
wt. % oxide 
NA 0.678 0.709 1.018 0.887 0.883 0.946 0.152 0.162 0.209 
F 0 0.24 0.057 0 0.115 0.091 0.079 0.253 0.104 
MG 0.934 0.716 0.68 0.696 0.607 0.72 1.298 1.358 1.336 
SI 46.659 45.926 45.816 46.525 44.377 45.339 50.446 45.831 46.058 
AL 34.475 35.04 34.95 35.802 34.336 35.212 29.206 29.842 29.909 
K 8.578 9.043 9.067 9.439 8.938 9.099 9.74 10.363 10.525 
CA 0.092 0.038 0.056 0.021 0.074 0.018 0.055 0.045 0.031 
TI 0.237 0.227 0.275 0.31 0.295 0.3 0.617 0.756 0.746 
Fe 2.46738 1.79879 2.15603 2.04265 2.42869 2.64015 3.42572 3.5436 3.38972 
MN 0.013 O 0.025 0 0.036 0.014 0.046 0.057 0.04 
OH 0 0 0 0 0 0 0 0 0 
TOTAL 94.1334 93.7378 94.1 95.7227 92.0897 94.3792 95.0647 92.2106 92.3477 
F correction 0 0.10105 0.024 0 0.04842 0.03832 0.03326 0.10653 0.04379 
New total 94.1334 93.6367 94.076 95.7227 92.0413 94.3408 95.0315 92.1041 92.3039 
stoichiometric values 
NA 0.17599 0.18486 0.26542 0.22728 0.23585 0.2467 0.03933 0.04379 0.05639 
F 0 0.10207 0.02424 0 0.0501 0.03871 0.03334 0.11154 0.04577 
MG 0.18635 0.14349 0.13627 0.13707 0.12462 0.14432 0.25816 0.28212 0.27706 
SI 6.24641 6.17566 6.16071 6.14828 6.11321 6.09785 6.73223 6.38868 6.40896 
AL 5.4411 5.5549 5.5405 5.57779 5.57633 5.5832 4.59507 4.90419 4.9065 
K 1.46508 1.55138 1.55546 1.59138 1.57084 1.56128 1.65834 1.84297 1.86847 
CA 0.0132 0.00548 0.00807 0.00297 0.01092 0.00259 0.00786 0.00672 0.00462 
TI 0.02386 0.02296 0.02781 0.03081 0.03056 0.03034 0.06193 0.07926 0.07807 
Fe 0.27625 0.20229 0.24246 0.22575 0.27981 0.29697 0.38235 0.41312 0.39448 
MN 0.00147 0 0.00285 0 0.0042 0.00159 0.0052 0.00673 0.00471 
OH 0 0 0 0 0 0 0 0 0 
D-75 
Table 4: continued 
microns microns microns microns microns microns microns 
distance 100 edge 25 95 200 300 440 550 edge 
sample 91-12G 91-12G 91-12G 91-12G 91-12G 91-12G 91-12G 91-12G 91-12G 
mica&run 3 3 4 4 4 4 4 4 4 
wt. % oxide 
NA 0.146 0.185 0.771 0.82 0.616 0.648 0.623 0.737 0.706 
F 0 0.357 0.204 0.363 0 0 0.069 0 0 
MG 1.655 1.358 0.851 0.809 0.749 0.761 0.844 0.862 0.784 
SI 46.448 46.381 46.801 46.341 46.223 45.581 46.195 46.03 46.24 
AL 28.905 30.026 35.076 35.107 34.581 34.349 34.141 34.466 33.661 
K 9.98 9.927 9.385 9.426 9.252 9.363 9.038 9.708 9.578 
CA 0.043 0.147 0.092 0.056 0.049 0.056 0.053 0 0.017 
TI 0.621 0.684 0.327 0.307 0.407 0.36 0.337 0.46 0.425 
Fe 4.84028 3.26285 1.92477 1.79969 1.57833 1.88878 1.98146 1.86268 1.62062 
MN 0.046 0.045 0.03 0.027 0.03 0.017 0.005 0 0.015 
OH 0 0 0 0 0 0 0 0 0 
TOTAL 92.6843 92.3728 95.4618 95.0557 93.4853 93.0238 93.2865 94.1257 93.0466 
F correction 0 0.15032 0.08589 0.15284 0 0 0.02905 0 0 
New total 92.6843 92.2225 95.3759 94.9029 93.4853 93.0238 93.2574 94.1257 93.0466 
stoichiometric values 
NA 0.0394 0.04966 0.19791 0.21148 0.16099 0.1708 0.16331 0.19234 0.18591 
F 0 0.15631 0.08541 0.1527 0 0 0.0295 0 0 
MG 0.34332 0.28018 0.1679 0.16037 0.15045 0.15418 0.17006 0.17291 0.15868 
SI 6.46528 6.421 6.1958 6.16377 6.23012 6.19632 6.24541 6.19549 6.27974 
AL 4.7433 4.90058 5.47444 5.50507 5.49494 5.50493 5.44164 5.46907 5.38937 
K 1.77228 1.75332 1.5851 1.59952 1.59094 1.62385 1.5589 1.66704 1.65951 
CA 0.00641 0.02181 0.01305 0.00798 0.00708 0.00816 0.00768 0 0.00247 
TI 0.06501 0.07122 0.03256 0.03071 0.04126 0.03681 0.03427 0.04656 0.04341 
Fe 0.56346 0.37778 0.21311 0.2002 0.17791 0.21474 0.22404 0.20968 0.18407 
MN 0.00542 0.00528 0.00336 0.00304 0.00343 0.00196 0.00057 0 0.00173 
OH 0 0 0 0 0 0 0 0 0 
D-76 
Table 4: continued 
microns microns microns microns microns microns microns 
distance 10 60 110 170 260 end edge 15 120 
sample 90-29F 90-29F 90-29F 90-29F 90-29F 90-29F 90-29F 90-29F 90-29F 
mica&run 7 7 7 7 7 7 7 8 8 
wt. % oxide 
NA 0.448 0.38 0.346 0.348 0.348 0.348 0.338 1.182 1.132 
F 0.335 1.009 0.869 0.714 0.466 0.104 0.557 0.14 0.023 
MG 0 1.06 1.045 1.065 1 1.041 1.033 0.623 0.773 
SI 45.491 46.424 45.727 45.808 46.362 46.148 45.607 44.969 45.32 
AL 33.395 31.628 31.443 31.278 32.378 32.544 31.415 34.727 33.901 
K 10.192 10.392 10.316 10.398 10.269 9.966 10.205 8.88 8.708 
CA 0.018 0 0.031 0.025 0.074 0.067 0.056 0.028 0.045 
TI 0.38 0.427 0.394 0.42 0.442 0.379 0.424 0.422 0.479 
Fe 2.27841 3.36543 3.43112 3.45091 2.89121 2.12634 3.47071 1.168 1.42716 
MN 0.043 0.076 0.043 0.072 0.039 0.014 0.04 0.07 0.014 
OH 0 0 0 0 0 0 0 0 0 
TOTAL 92.5804 94.7614 93.6451 93.5789 94.2692 92.7373 93.1457 92.209 91.8222 
F correction 0.14105 0.42484 0.36589 0.30063 0.19621 0.04379 0.23453 0.05895 0.00968 
New total 92.4394 94.3366 93.2792 93.2783 94.073 92.6935 92.9112 92.1501 91.8125 
stoichiometric values 
NA 0.11941 0.09977 0.09199 0.09265 0.09147 0.09238 0.0903 0.31315 0.30104 
F 0.14565 0.4321 0.37687 0.31007 0.19978 0.04503 0.24273 0.0605 0.00998 
MG 0 0.21391 0.21356 0.21794 0.20203 0.21241 0.21213 0.12686 0.158 
SI 6.25361 6.28615 6.27034 6.28996 6.28477 6.31814 6.28431 6.14444 6.21576 
AL 5.41221 5.04896 5.08311 5.06329 5.17446 5.25284 5.1033 5.59402 5.48157 
K 1.7875 1.79524 1.80472 1.82153 1.77597 1.74076 1.79399 1.54797 1.52372 
CA 0.00265 0 0.00455 0.00368 0.01075 0.00983 0.00827 0.0041 0.00661 
TI 0.03929 0.04348 0.04063 0.04337 0.04506 0.03902 0.04394 0.04336 0.04941 
Fe 0.26195 0.38112 0.39349 0.39629 0.32778 0.24347 0.39996 0.13347 0.1637 
MN 0.00501 0.00872 0.00499 0.00837 0.00448 0.00162 0.00467 0.0081 0.00163 
OH 0 0 0 0 0 0 0 0 0 
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Table 4: continued 
microns microns microns microns microns microns microns 
distance 220 340 edge 10 60 140 190 edge 	10 
sample 90-29F 90-29F 90-29F 90-29F 90-29F 90-29F 90-29F 90-29F 90-29F 
mica&run 8 8 8 9 9 9 9 9 	10 
wt. % oxide 
NA 0.956 1.112 1.099 0.484 0.522 0.508 0.464 0.526 1.093 
F 0.243 0 0.012 0.23 0.728 0.425 0.64 0.709 0 
MG 1.129 0.72 0.693 0.965 0.774 1.031 0.968 0.9 0.808 
SI 46.965 47.654 48.662 46.471 45.282 45.386 45.75 44.991 45.844 
AL 32.505 34.515 31.299 33.028 34.971 33.16 33.597 33.833 34.241 
K 8.685 8.849 8.091 9.61 10.127 10.144 9.948 10.166 8.529 
CA 0.048 0.12 0.069 0.095 0.018 0.063 0.073 0.057 0.088 
TI 0.474 0.355 0.434 0.494 0.677 0.377 0.565 0.367 0.42 
Fe 1.65212 1.40646 1.26878 2.09304 1.81499 2.14254 2.00306 2.01476 1.45775 
MN 0 0.021 0.006 0.017 0.05 0.023 0.05 0.013 0.001 
OH 0 0 0 0 0 0 0 0 0 
TOTAL 92.6571 94.7525 91.6338 93.487 94.964 93.2595 94.0581 93.5768 92.4818 
F correction 0.10232 0 0.00505 0.09684 0.30653 0.17895 0.26947 0.29853 0 
New total 92.5548 94.7525 91.6287 93.3902 94.6575 93.0806 93.7886 93.2782 92.4818 
stoichiometric values 
NA 0.25159 0.28576 0.28984 0.12716 0.13555 0.13457 0.12157 0.13886 
F 0.10431 0 0.00516 0.09856 0.30834 0.18363 0.27351 0.30531 
MG 0.22837 0.14221 0.14048 0.19487 0.15448 0.20992 0.19494 0.18263 
SI 6.37436 6.31572 6.61887 6.2969 6.06424 6.20067 6.1821 6.12583 
AL 5.20116 5.39286 5.01894 5.27612 5.52137 5.34095 5.35221 5.43085 
K 1.50388 1.49623 1.40403 1.66131 1.73027 1.7681 1.71499 1.76592 
CA 0.00698 0.01704 0.01006 0.01379 0.00258 0.00922 0.01057 0.00832 
TI 0.04838 0.03538 0.0444 0.05034 0.06819 0.03874 0.05742 0.03758 
Fe 0.18753 0.15589 0.14433 0.23719 0.20328 0.2448 0.22637 0.22942 
MN 0 0.00236 0.00069 0.00195 0.00567 0.00266 0.00572 0.0015 













Table 4: continued 
microns microns microns 
distance 	80 160 200 	edge 
sample 90-29F 90-29F 90-29F 	90-29F 
mica& run 	10 10 10 10 
wt. % oxide 
NA 1.054 1.128 1.081 1.091 
F 0.184 0.046 0.299 0 
MG 0.862 0.817 0.871 0.832 
SI 45.985 45.613 45.979 46.161 
AL 34.53 34.438 34.36 34.757 
K 8.627 8.815 8.825 8.615 
CA 0.06 0.028 0.008 0.053 
TI 0.424 0.56 0.482 0.524 
Fe 1.62512 1.54504 1.51984 1.50904 
MN 0 0.035 0.009 0 
OH 0 0 0 0 
TOTAL 93.3511 93.025 93.4338 93.542 
F correction 0.07747 0.01937 0.12589 0 
New total 93.2737 93.0057 93.3079 93.542 
stoichiometric values 
NA 0.2755 0.29642 0.28258 0.28432 
F 0.07845 0.01972 0.12749 0 
MG 0.17318 0.16502 0.17501 0.16665 
SI 6.19917 6.18188 6.19889 6.2042 
AL 5.48784 5.50247 5.46129 5.50732 
K 1.48374 1.52418 1.51792 1.47723 
CA 0.00867 0.00407 0.00116 0.00763 
TI 0.04299 0.05708 0.04887 0.05297 
Fe 0.18322 0.17512 0.17137 0.16962 
MN 0 0.00402 0.00103 0 
OH 0 0 0 0 
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Appendix E 
X-Ray Fluorescence Analysis 
APPENDIX E 
X-RAY FLUORESCENCE ANALYSIS 
XRF major and trace analyses were carried out on both sandstones and mudstones. 
Major element analyses were made using fused glass discs, prepared with flux, 
after ignition in an oven at 1100°C, according to the method of Fitton & Dunlop 
(1985). The fused pellets were then scanned by a Philips PW1480 Sequential 
Automatic X-Ray spectrometer. For trace element analyses, pressed powder 
pellets were made and analysed in a Philips PW1450 Sequential Automatic X-Ray 
Spectrometer. 
Although sandstone analyses were generally of a high standard, some of 
the mudstone analyses gave spurious totals and repeat analyses produced similar 
problems. Where repeat analyses produced better results, they were compared to 
normalised values of the original analyses, and the results were found to be near 
identical. Therefore all raw data is shown in this appendix. 
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Table 1: Raw XRF major element data for mudstones 
Sub = Subathu Formation, Dag = Dagshai Formation and Kas = Kasauli Formation 
Sample 	91-53F 91-81A 91-83B 91-22B 91-22C 90-40C 93-13A 93-19C 93-Cl 93-C2 
Fm. Sub 	Sub 	Sub 	Sub 	Sub 	Sub 	Sub 	Sub 	Sub 	Sub 
wt. % oxide 
Si02 51.88 58.9 66.82 67.29 60.19 57.88 37.34 56.51 71.73 67.62 
A1203 15.64 11.04 16.88 18.05 23.71 15.35 7.86 11.23 13.34 13.48 
Fe203 9.84 6.04 7.03 6.27 3.92 7.24 4.93 4.21 5.02 10.45 
MgO 6.87 2.15 2.61 3.44 0.69 3.47 2.51 1.75 1.54 1.73 
CaO 7.79 8.64 2.74 0.44 0.19 4.23 23.52 10.95 0.48 0.49 
Na20 3.14 0.79 0.98 0.34 0.66 0.25 0.24 1.03 0.19 0.22 
K20 1.875 1.802 2.823 2.224 5.123 2.691 1.123 2.274 1.909 1.943 
Ti02 0.784 0.906 1.163 1.135 0.848 1.007 0.512 0.466 1.089 1.042 
MnO 0.163 0.103 0.074 0.009 0.008 0.057 0.192 0.359 0.025 0.03 
P205 0.102 0.189 0.19 0.094 0.073 0.159 0.345 0.11 0.168 0.197 
TOTAL 98.084 90.56 101.31 99.292 95.412 92.334 78.572 88.889 95.491 97.202 
Sample 	91-12H 91-121 91-81-1 91-12J 90-29C 91-30A 91-90F 90-29A 91-8G 91-90F 
Fm. Dag 	Dag 	Dag 	Dag 	Dag 	Dag 	Dag 	Dag 	Dag 	Dag 
wt. % oxide 
Si02 59.87 60.62 65.78 60.74 19.27 59.64 55.17 69.77 81.25 55.37 
A1203 20.54 8.17 18.18 20.4 6.26 21.5 22.23 15.27 9.02 21.58 
Fe203 6.05 2.87 6.41 7.2 3.17 7.41 7.97 3.67 3.39 8.03 
MgO 2.02 1.05 1.79 2.41 1.65 3.09 2.67 1.55 0.83 2.61 
CaO 0.52 12.04 0.34 0.32 35.94 0.59 2.3 0.88 0.14 1.76 
Na20 1.61 1.17 0.37 0.7 0.26 1.13 0.56 0.55 0.06 0.38 
K20 4.687 1.61 4.058 4.68 1.192 4.456 4.317 3.345 1.877 4.387 
Ti02 0.658 0.541 0.913 0.718 0.356 0.737 0.712 0.741 0.636 0.724 
MnO 0.075 0.446 0.027 0.052 0.44 0.042 0.083 0.015 0.02 0.08 
P205 0.205 0.423 0.109 0.131 0.098 0.158 0.144 0.07 0.052 0.132 
TOTAL 96.235 88.94 97.977 97.351 68.636 98.753 96.156 95.861 97.275 95.053 
Sample 	91-bA 91-12E 91-9A 91-bC 91-90C 90-33B 91-9E 91-9F 91-9G 
Fm. Kas 	Kas 	Kas 	Kas 	Kas 	Kas 	Kas 	Kas 	Kas 
wt. % oxide 
Si02 62.47 62.93 48.25 82.33 61.65 67.66 65.55 57.23 63.37 
A1203 19.47 20.34 17.14 9.91 19.42 17.51 17.72 20.17 18.61 
Fe203 6.65 7.24 5.97 3.61 5.86 5.87 6.54 7.26 6.97 
MgO 1.94 2.08 2.36 1.29 1.95 2.06 1.84 1.85 2.48 
CaO 0.38 0.38 9.15 0.61 0.33 0.19 0.18 0.3 0.4 
Na20 0.62 0.73 0.84 1.12 0.76 1.01 0.29 0.09 1.25 
K20 4.357 4.688 4.397 2.013 3.708 3.472 3.765 4.477 3.94 
Ti02 0.753 0.654 0.576 0.497 0.881 0.683 0.618 0.645 0.645 
MnO 0.039 0.078 0.323 0.035 0.044 0.056 0.063 0.083 0.086 
P205 0.149 0.117 0.247 0.117 0.147 0.082 0.074 0.055 0.126 
TOTAL 96.828 99.237 89.253 101.53 94.75 98.593 96.64 92.16 97.877 
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Table 2:Raw XRF trace element data for mudstones 
Sub = Subathu Formation, Dag = Dagshai Formation, Kas = Kasauli Formation 
Sample 	91-3H 91-6iiB 91-22B 91-22C 91-53F 91-81A 91-83B 90-40C 93-13A 93-Cl 93-C2 
Fm. Dag Sub Sub Sub Sub Sub Sub Sub Sub Sub Sub 
(level 3) 
element (ppm) 
Nb 6 12.4 22.5 20.1 4.3 17.8 21 21.5 10.5 22.6 21.4 
Zr 60 147.8 182.6 160.1 92.5 207.7 245.7 202.3 141 329.9 321.5 
Y 11.7 22.1 33.3 32.6 19.1 27.6 29.6 27.3 23 36.5 37.2 
Sr 24.5 159.4 72.8 143.2 107.4 142.2 156.7 115.8 373.9 76.3 76.4 
Rb 70.8 64 102.8 259.1 57.5 80.5 116.8 120.1 49.8 91.2 93.6 
Th 8.8 8.8 16.8 38.4 2.9 11.9 15.6 11 7.1 11.2 14.7 
Pb 2 13 12 45.8 20.2 16.8 19.4 11.7 17.4 16.6 17.5 
Zn 7.6 71.1 56.2 20 93.1 84.1 104.9 99.3 62.8 90.4 99.8 
Cu 36.3 35.6 33.6 14.4 63.5 40.6 34 42.7 38.8 44.6 36.5 
Ni 23.5 101.1 44.3 13.2 144.3 109 63.5 193.8 121.8 145.8 159.8 
Cr 46.7 164.6 191.8 126.4 128.8 175.7 152.1 233.1 247.7 261 263 
Ce 70.6 60.3 117.1 149.2 27.4 84.8 103.3 101 74.5 102 91.9 
Nd 26.3 26.9 47.5 56.2 15.9 38.5 45.3 42.1 35.5 43.2 41.8 
La 37.4 28.4 51.1 88.7 5.7 33 50.3 44.8 43 43.2 38.9 
V 56.8 110.8 284.2 172.4 232.2 120.5 163.5 159.7 110.9 134.6 143.5 
Ba 262.3 155.1 302.3 522 498 154.7 216.2 204.5 148 377.7 415.8 
Sc 11.1 18.6 23.4 25.6 35.6 17.3 19.6 19.9 6.3 18.1 18.3 
Ti 0 0 6804.3 5083.8 4700.1 5431.5 6972.2 6037 3069.4 6528.6 6246.8 
Sample 93-12C 91-90F 91-6iiF 91-8H 91-12H 91-121 91-12J 90-29C 91-30A 90-29A 91-8G 
Fm. Sub Dag Dag Dag Dag Dag Dag Dag Dag Dag Dag 
element (ppm) 
Nb 11.5 14.8 13.4 18.3 16 8.7 15.3 6.5 16.7 16.9 13.8 
Zr 272.5 159.1 156.4 223.2 217 259 177.5 59.4 171.1 228.5 307.1 
Y 19.9 35 39.1 33.2 26.5 26.6 36.4 12 32.4 30 27 
Sr 170.6 93.9 67.5 55.6 72 92.2 55.9 372.8 61.1 67.4 28.1 
Rb 32.4 206.7 145.1 184 220.6 72.4 220.6 67.1 219.4 164.8 81.6 
Th 4.7 20.4 16.2 19.7 13 13.9 21.2 2.6 22.7 12.1 10.4 
Pb 17.4 32.5 34.2 29.7 20 18 33.4 16.2 25.1 18.3 15 
Zn 62.8 119.8 97.3 113.9 124.5 49.4 137.8 85.8 118.5 82.9 57 
Cu 38.8 45 39.7 32.6 28.6 30.5 38.3 44.1 31 11.1 19.7 
Ni 121.8 69.6 49.2 53.6 41.9 25.9 64.3 48.4 53.4 34.9 29 
Cr 247.7 138.8 105.2 119.7 98 51.9 126.9 97.9 128.7 90 66.8 
Ce 74.5 110 87.7 97 48.3 86.2 84.3 59.4 85.6 93.8 81.8 
Nd 25.9 43.1 38.4 42.3 22.8 35.2 35.8 27 34.8 31.4 35.1 
La 25 52.4 443 50.6 20.7 40.3 45.6 26.1 45.6 38.4 35 
V 78.3 165.5 132 151.7 119.8 73.3 157.2 80.6 148.6 106.9 77 
Ba 149.3 884.4 737.7 777.3 1356.6 514.8 1074.5 185.3 1014.8 592.2 406.8 
Sc 2.9 24.6 20 20.8 20.2 12.6 21.5 16.2 22.5 17.3 10.3 
Ti 0 4268.4 0 5473.4 3944.7 3243.3 4304.4 2134.2 4418.3 4442.3 3812.8 
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Table 2: continued 
Sample 	91-90F 91-9A 91-bA 91-12E 90-33B 91-9E 91-917 91-90C 91-90 
Fm. Dag 	Kas 	Kas 	Kas 	Kas 	Kas 	Kas 	Kas 	Kas 
element (ppm) 
Nb 16.2 10.6 16.1 14.6 16.4 15.1 16.3 16.7 14.9 
Zr 156.6 148.8 204.9 179 176.2 161.2 166.3 254.6 147.8 
Y 35.1 68 36.3 30.5 26.9 32.6 45.2 47.7 35.1 
Sr 89 94.3 63.4 66.2 45.7 26.3 31.4 60.1 54.6 
Rb 202.9 226.2 191.9 211.3 154.1 168.6 218.5 180 181.1 
Th 19.7 16.7 18.3 19.2 11.3 16.2 18.7 21.6 17.4 
Pb 32.9 56.3 27.5 68.2 22.3 31.4 36.1 12.5 33.7 
Zn 120.3 105.9 105.7 109.8 98.1 100.7 113.8 117.5 100.5 
Cu 42.9 51.3 38.3 44.7 37.5 39.4 49.7 31.8 38.4 
Ni 68.6 47 47.9 44.9 39.8 45.9 49.1 53.3 47.2 
Cr 130.1 117.3 115 109.9 90.4 96.6 112.1 118.4 111.9 
Ce 111.9 90.8 86.5 76.7 63.1 81.1 125.3 114.1 91.1 
Nd 45.8 58.7 35 35.8 29.5 35.7 51.2 47.7 39.9 
La 46.1 74.8 43.1 337 31.1 49.8 69.3 52.5 47.3 
V 153.9 161.4 146.5 137.2 120.2 128.2 153.1 146.6 128.6 
Ba 851.7 1132.4 1010 1063.4 832.8 747.2 901.1 611.5 866.3 
Sc 24.1 20.2 19.4 21.3 19.2 18.2 26.4 21.3 24.5 
Ti 4340.4 3453.1 4514.2 3920.7 4094.6 3704.9 3866.8 5281.6 3866.8 
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Table 3: Raw XRF major element data for sandstones 
Sub = Subathu Formation, Dag = Dagshai Formation, Kas = Kasauli Formation 
Sample 	93-B 	93-C3 93-12C 93-19B )3-(13)-1 90-29E 90-36D 91-5C 91-6iiE 
Fm. Sub Sub 	Sub 	Sub 	Sub 	Dag 	Dag 	Dag 	Dag 
wt. % oxide 
Si02 83.66 83.32, 72.66 57.42 57.63 51.41 91.26 55.96 81.30 
A1203 8.80 8.76 7.09 10.44 6.21 8.86 4.92 5.10 9.76 
Fe203 3.29 4.12 4.85 3.35 34.53 5.17 1.69 2.67 4.12 
MgO 1.02 1.08 2.16 1.17 0.47 3.57 0.57 0.89 1.23 
CaO 0.22 0.18 11.05 0.20 0.14 27.31 0.18 33.54 0.26 
Na20 0.81 0.25 0.49 1.46 0.23 1.13 0.17 0.00 0.90 
K20 1.650 1.706 0.824 1.981 0.264 1.416 0.722 1.043 1.773 
Ti02 0.463 0.469 0.627 0.503 0.416 0.429 0.381 0.285 0.513 
MnO 0.030 0.021 0.135 0.046 0.013 0.639 0.040 0.338 0.020 
P205 0.073 0.092 0.113 0.061 0.089 0.085 0.072 0.144 0.119 
TOTAL 100.02 99.998 99.999 76.631 99.992 100.02 100.01 99.97 99.995 
Sample 	91-7C 91-817 91-13E 91-30B 90-29G 91-52B 91-9Bii 91-bC 91-12C 
Fm. Dag 	Dag 	Dag 	Dag 	Dag 	Dag 	Kas 	Kas 	Kas 
wt. % oxide 
Si02 74.22 87.27 90.31 81.13 82.87 81.93 76.56 83.43 80.93 
A1203 13.56 6.95 6.11 10.17 8.66 9.25 12.42 8.44 9.81 
Fe203 5.91 2.86 2.62 3.18 3.41 3.05 4.68 2.98 3.67 
MgO 1.52 0.93 0.16 1.19 1.10 1.09 1.34 0.97 1.23 
CaO 0.45 0.25 0.05 0.22 0.76 1.22 0.47 0.82 0.64 
Na20 0.80 0.00 0.15 1.70 1.01 1.11 1.49 1.04 1.03 
K20 2.681 1.323 0.328 1.605 1.477 1.759 2.266 1.733 2.044 
Ti02 0.661 0.385 0.228 0.666 0.567 0.460 0.615 0.453 0.493 
MnO 0.034 0.016 0.003 0.035 0.041 0.039 0.059 0.043 0.043 
P205 0.151 0.088 0.033 0.034 0.107 0.084 0.106 0.086 0.115 
TOTAL 99.987 100.07 99.992 99.93 100 99.992 100.01 99.995 100.01 
Sample 	91-85B 91-90E 91-91-1 91-lOB 91-531-li 91-85A 91-90B 
Fm. Kas 	Kas 	Kas 	Kas 	Kas 	Kas 	Kas 
wt. % oxide 
S102 83.93 76.92 81.21 78.52 78.60 81.19 90.02 
A1203 8.92 12.89 9.69 10.82 6.71 9.80 3.91 
Fe203 3.06 4.49 3.24 3.72 2.69 3.33 1.94 
MgO 0.77 1.39 1.11 1.41 0.75 1.06 0.48 
CaO 0.23 0.43 0.68 1.30 8.38 0.68 2.39 
Na20 1.11 0.58 1.58 1.37 0.64 1.56 0.41 
K20 1.535 2.376 1.825 2.181 1.281 1.835 0.530 
Ti02 0.346 0.791 0.541 0.530 0.514 0.425 0.212 
MnO 0.033 0.033 0.043 0.055 0.370 0.052 0.069 
P205 0.072 0.089 0.081 0.094 0.052 0.065 0.036 
TOTAL 100.01 99.989 100 100 99.987 99.997 99.997 
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Table 4: Raw XRF trace element data for sandstones 
Sub = Subathu Formation, Dag = Dagshai Formation, Kasauli = Kasauli Formation 
Sample 	91-22D 93-B 93-C3 93-12C 93-19B )3-(13)-1 90-29E 90-36D 91-5C 91-6iiE 91-7C 
Fm. Sub 	Sub 	Sub 	Sub 	Sub 	Sub 	Dag 	Dag 	Dag 	Dag Dag 
element (ppm) 
Sc 18.0 10.6 9.1 2.9 10.6 18.6 4.8 5.6 8.4 12.7 10.8 
Ba 499.5 347.9 484.0 149.3 461.9 58.2 302.8 215.3 128.0 401.3 238.7 
V 89.2 67.3 89.8 78.3 67.9 675.4 72.9 40.3 50.9 80.1 87.1 
La 68.7 34.9 32.1 25.0 26.4 21.3 54.4 29.2 26.4 42.2 33.3 
Ce 108.4 70.6 69.0 59.4 56.7 45.6 99.3 66.6 36.6 83.0 70.3 
Nd 36.4 31.8 28.3 25.9 25.4 15.9 45.5 27.3 12.2 28.4 23.1 
Cr 76.7 42.0 49.0 375.1 42.8 591.6 42.5 42.4 29.5 55.9 64.1 
Ni 26.4 23.9 25.8 98.5 21.2 54.8 29.2 14.2 15.8 25.6 40.7 
Cu 22.7 8.4 9.4 28.2 6.6 33.0 51.6 6.0 9.2 24.4 7.5 
Zn 100.2 48.3 48.8 53.8 51.5 91.2 51.0 26.0 29.2 52.3 98.0 
Pb 20.1 19.6 3.8 7.5 13.0 68.8 35.9 5.9 7.0 7.6 9.4 
Th 33.8 7.7 7.7 4.7 8.8 24.6 7.3 5.5 5.4 15.2 14.2 
Rb 202.5 72.6 70.8 32.4 86.1 12.0 53.6 32.8 35.9 78.5 145.1 
Sr 63.7 30.5 26.6 170.6 53.6 34.9 242.7 22.5 133.6 41.9 45.5 
Y 34.7 24.3 23.9 19.9 24.7 15.6 41.7 20.2 14.2 25.2 24.3 
Zr 236.7 155.0 158.5 272.5 179.4 274.2 125.0 179.3 84.5 181.0 220.8 
Nb 18.3 9.3 9.2 11.5 11.1 8.9 7.7 8.2 6.0 11.2 12.6 
Ti 2775.7 2811.7 3758.9 3015.5 2493.9 2571.9 2284.1 1708.6 3075.4 3962.7 
Sample 	91-8F 91-13E 91-30B 90-29G 91-52B 90-37A 91-121 91-913ii 91-bC 91-12C 91-85B 
Fm. Dag 	Dag 	Dag 	Dag 	Dag 	Dag 	Dag 	Kas 	Kas 	Kas Kas 
element (ppm) 
Sc 5.6 7.5 9.0 10.0 7.8 7.8 6.6 13.1 10.2 7.2 7.7 
Ba 233.2 101.0 467.4 291.1 345.5 413.1 442.1 789.1 552.8 461.1 392.8 
V 76.4 42.3 71.0 92.5 54.3 70.2 66.4 84.1 88.9 71.8 54.3 
La 30.3 47.2 41.8 46.2 32.3 29.4 33.9 39.2 44.4 34.2 32.3 
Ce 57.1 100.9 99.0 93.1 52.3 60.0 74.2 76.2 80.3 56.4 52.3 
Nd 20.1 36.2 38.9 33.4 16.9 24.7 28.5 32.4 30.6 23.5 16.9 
Cr 48.1 24.1 48.5 48.6 31.2 42.8 47.3 66.7 59.5 42.0 31.2 
Ni 21.9 22.1 20.3 23.9 16.2 20.8 22.3 30.6 22.2 19.2 16.2 
Cu 8.7 6.2 25.3 21.5 11.6 7.6 12.3 19.8 9.0 6.8 11.6 
Zn 50.3 11.8 51.9 51.3 49.2 43.9 47.0 69.4 54.7 44.7 49.2 
Pb 0 3.3 10.5 11.8 15.8 15.5 19.4 17.7 9.6 11.4 15.8 
Th 11.9 9.7 12.0 14.6 10.6 6.2 15.5 13.7 13.1 15.0 10.6 
Rb 56.1 18.0 73.9 68.2 79.4 54.1 71.3 103.5 88.2 76.7 72.1 
Sr 26.2 21.6 47.1 53.8 60.3 21.3 91.7 62.0 38.3 47.5 42.8 
Y 17.4 11.0 31.5 27.1 21.3 21.5 25.2 30.6 27.7 23.2 21.5 
Zr 227.5 94.8 344.9 246.7 165.2 197.5 219.3 183.1 158.4 159.8 129.5 
Nb 8.5 5.5 13.3 10.5 10.5 7.8 10.4 12.5 10.5 10.0 9.7 
Ti 2308.1 1366.9 3992:7 3399.2 2757.7 2511.9 0 3686.9 2715.7 2955.5 2074.3 
E-6 
Table 4: continued 
Sample 	91-90E 91-9H 91-lOB 91-53Hi 91-85A 91-90B 91-12B 91-12F 
Fm. Kas 	Kas 	Kas 	Kas 	Kas 	Kas 	Kas 	Kas 
element (ppm) 
Sc 9.9 8.0 10.0 3.4 6.0 2.7 9.4 9.6 
Ba 394.5 494.8 776.1 279.2 514.8 131.2 406.9 475.3 
V 99.8 60.9 93.8 52.2 68.7 38.4 58.3 73.3 
La 52.8 34.9 36.4 29.4 28:1 20.1 49.2 35.4 
Ce 97.4 73.9 79.1 61.5 60.5 42.1 116.6 73.6 
Nd 34.2 29.4 34.9 27.1 22.5 18.3 43.9 33.8 
Cr 84.8 37.1 50.7 42.4 36.6 16.5 38.7 41.3 
Ni 35.7 19.0 20.8 17.9 21.1 11.9 9.1 21.5 
Cu 22.1 13.7 10.6 17.6 7.0 6.9 9.8 10.6 
Zn 87.0 47.3 52.1 35.4 50.7 32.6 12.5 53.7 
Pb 16.9 16.2 11.1 15.4 10.1 19.3 17.8 115 
Th 18.4 10.1 9.9 7.1 6.9 1.3 13.0 10.1 
Rb 108.9 77.6 93.1 53.2 81.0 23.8 82.1 79.2 
Sr 41.8 58.6 58.4 37.5 51.8 27.6 49.8 37.4 
Y 33.6 26.1 27.5 23.0 25.4 16.9 29.2 24.6 
Zr 288.0 234.3 182.1 248.2 154.3 85.8 292.6 174.0 
Nb 16.0 10.6 11.0 8.8 9.3 4.3 11.9 9.8 






This appendix lists all samples used for the various laboratory techniques undertaken 
in this PhD. Each sample can be located on Fig. I using the corresponding locality 
number, unless otherwise stated. Samples were collected throughout the field area 
where exposure permitted. 
Samples used for point-count data 
Locality no. 	Sample no. 	Formation 	Lithology 
91-30B Dagshai sandstone 
2 91 -85A Kasauli sandstone 
3 91-8E Dagshai sandstone 
4 91-12C Kasauli sandstone 
5 91-90B Kasauli sandstone 
6 91-bC Kasauli sandstone 
7 90-29F Dagshai sandstone 
3 90-36D Dagshai sandstone 
3 Su-90- 10 Dagshai fine conglomerate 
7 90-29B Dagshai sandstone 
5 91-53Hi Kasauli sandstone 
2 91-6iiE Dagshai sandstone 
5 91-52B Dagshai sandstone 
8 90-37A Dagshai sandstone 
3 90-36B Subathu shelly limestone 
9 90-32C Subathu nummulitic 1st 
91-32A Dagshai sandstone 
10 91-9B Kasauli sandstone 
4 91-12G Dagshai sandstone 
6 91-lOB Kasauli sandstone 
10 91-9H Kasauli sandstone 
2 91-85B Kasauli sandstone 
4 91-12F Kasauli sandstone 
11 Su-90-20i Dagshai sandstone 
12 Su-90-20ii' Subathu fossiliferous sst. 
10 90-33A Kasauli sandstone 
4 91-121 Dagshai sandstone 
9 91 1 3E Dagshai sandstone 
13 91-89A Siwalik sandstone 
14 93-12C Subathu red sandstone 
15 Su-90-17 Siwalik sandstone 
7 92-1A Siwalik sandstone 
5 93-2A Siwalik sandstone 
9 93-6A Siwalik sandstone 
15 Su-90-18 Siwalik sandstone 
9 93-6B Siwalik sandstone 
F-I 
7 90-29D Dagshai sandstone 
12 Su-90-21 Subathu iron rich sandstone 
9 90-31 A Dagshai sandstone 
2 91-6iiH Dagshai sandstone 
4 91-12B Kasauli sandstone 
7 90-29G Dagshai sandstone 
16 Su-90-12 Dagshai sandstone 
17 93-22B Kasauli sandstone 
3 Su-90-8 Dagshai sandstone 
18 93-33A Siwalik sandstone 
9 90-32D Subathu fossiliferous sst. 
19 93-40A Kasauli sandstone 
7 90-28A Siwalik sandstone 
9 90-31 B Subáthu fossiliferous sst. 
3 Su-90-5 Dagshai sandstone 
9 90-3 IC Subathu fossiliferous sst. 
11 93-19B Subathu sandstone 
7 93-lA Siwalik sandstone 
17 93-23A Kasauli sandstone 
16 93-B Subathu green sandstone 
2 93-17B Kasauli sandstone 
16 93-C3 Subathu 'quartzite' 
9 93-6A Siwalik sandstone 
Samples used for XRF analyses 
5 91-53F Subathu mudstone 
14 91-81A Subathu mudstone 
12 91-83B Subathu rnudstone 
20 91 -22B Subathu mudstone 
20 91-22C Subathu mudstone 
16 90-40C Subathu mudstone 
16 93-13A Subathu mudstone 
11 93-1 9C Subathu mudstone 
16 93-Cl Subathu mudstone 
16 93-C2 Subathu mudstone 
2 91-6iiB Subathu mudstone 
14 93-12C Subathu mudstone 
21 91-3H Dagshai mudstone 
2 91-6iiF Dagshai mudstone 
4 91-1 2H Dagshai mudstone 
4 91-121 Dagshai mudstone 
3 91 -8H Dagshai mudstone 
4 91-1 2J Dagshai mudstone 
7 90-29C Dagshai mudstone 
1 91 -30A Dagshai mudstone 
5 91-90F Dagshai mudstone 
7 90-29A Dagshai mudstone 
F-2 
3 91 -8G Dagshai mudstone 
5 91 -90F Dagshai mudstone 
6 91-bA Kasauli rnudstone 
4 91-1 2E Kasauli mudstone 
10 91-9A Kasauli mudstone 
6 91-1 OC Kasauli mudstone 
5 91-90C Kasauli mudstone 
10 90-33B Kasauli mudstone 
10 91-9E Kasauli mudstone 
10 91-9F Kasauli mudstone 
10 91-9G Kasauli mudstone 
16 93-B Subathu sandstone 
16 93-C3 Subathu sandstone 
14 93-12C Subathu sandstone 
11 93-1 9B Subathu sandstone 
16 93-13-1 1 Subathu sandstone 
20 91 -22D Subathu sandstone 
8 90-37A Dagshai sandstone 
4 91-121 Dagshai sandstone 
7 90-29E Dagshai sandstone 
3 90-36D Dagshai sandstone 
91-5C Dagshai sandstone 
16 91 -6iiE Dagshai sandstone 
23 91-7C Dagshai sandstone 
3 91-8F Dagshai sandstone 
9 91-13E Dagshai sandstone 
I 91-30B Dagshai sandstone 
7 90-29G Dagshai sandstone 
5 91-52B Dagshai sandstone 
10 91-9Bii Kasauli sandstone 
6 91-bC Kasauli sandstone 
4 91-1 2C Kasauli sandstone 
2 91-85B Kasauli sandstone 
5 91-90E Kasauli sandstone 
10 91-91-1 Kasauli sandstone 
6 91-1 OB Kasauli sandstone 
5 91 -53Hi Kasauli sandstone 
2 91-85A Kasauli sandstone 
5 	,, 91-90B Kasauli sandstone 
4 91-1 2B Kasauli sandstone 
4 91-12F Kasauli sandstone 
Samples used for electron probe analyses of tourmalines 
9 90-32C Subathu sandstone 
14 93-12C Subathu sandstone 
ii 93-1 9B Subathu sandstone 
16 93-B Subathu sandstone 
F-3 
16 93-13-17 Subathu sandstone 
16 93-C3 Subathu sandstone 
14 93-1 2C Subathu sandstone 
9 90-32A Subathu sandstone 
9 90-32B Subathu sandstone 
3 90-36A Subathu sandstone 
3 90-36B Subathu sandstone 
I 91-30B Dagshai sandstone 
3 91-8E Dagshai sandstone 
5 91-52B Dagshai sandstone 
7 90-29B Dagshai sandstone 
4 91-1 2G Dagshai sandstone 
8 90-37A Dagshai sandstone 
10 91-913 Kasauli sandstone 
4 91-12C Kasauli sandstone 
6 91-lOB Kasauli sandstone 
4 91-12F Kasauli sandstone 
2 91-85A Kasauli sandstone 
5 91-53Hi Kasauli sandstone 
Samples used for electron probe analyses of garnets 
2 91 -85A i,iasauli sandstone 
10 91-913 Kasauli sandstone 
91-38A Kasauli sandstone 
Samples used for electron probe analyses of spinels 
9 90-32B Subathu sandstone 
3 90-36A Subathu sandstone 
14 90-35B Subathu sandstone 
14 93-12C Subathu sandstone 
3 .91 -8E Dagshai sandstone 
Samples used for 40Ar-39Ar dating and electron probe analyses of micas 
4 91-12D Kasauli sandstone 
7 90-29F Dagshai sandstone 
10 91-9B Kasauli sandstone 
2 91-85A Kasauli sandstone 
4 91-1 2G Dagshai sandstone 
Samples used for illite crystallinity analyses 
7 90-29A Dagshai mudstone 
7 90-29C Dagshai mudstone 
9 90-32A Subathu mudstone 
10 90-33B Kasauli mudstone 
14 90-35C Subathu mudstone 
14 90-35D Subathu mudstone 
14 90-35E Subathu mudstone 
F-4 
22 90-38D Subathu mudstone 
23 90-39D Subathu mudstone 
16 90-40C Subathu mudstone 
1 90-41D Kasauli mudstone 
1 90-41 E Dagshai mudstone 
21 90-42D Dagshai mudstone 
22 90-46B Subathu mudstone 
21 91 -3F Dagshai mudstone 
21 91 -3H Dagshai mudstone 
2 91 -6A Subathu mudstone 
2 91 -6iiB Subathu mudstone 
2 91 -6iC Subathu mudstone 
3 91-8H Dagshai mudstone 
10 91-9A Kasauli mudstone 
10 91-9C Kasauli mudstone 
10 91-9D Kasauli mudstone 
10 91-917 Kasauli mudstone 
6 91-1 OA Kasauli mudstone 
4 91-12E Kasauli mudstone 
4 91-1 2H upper Dagshai mudstone 
9 91-13B basal Subathu mudstone 
20 91-22B Subathu mudstone 
20 91-22C Subathu mudstone 
91-28A Subathu mudstone 
91-30A Dagshai mudstone 
5 91-53E Subathu mudstone 
5 91-53F Subathu mudstone 
14 91-81A Subathu mudstone 
14 91-82A Subathu mudstone 
5 91-90C Kasauli mudstone 
5 91-90F Dagshai mudstone 
Samples used for vitrinite reflectance analyses 
11 93-19D Subathu coal rich limestone 
14 91-82A Subathu black shale 
9 91-13B Subathu coal 
2 91-6B Subathu coal 
21 90-PW Dagshai interbedded sst. + 
mst. 
6 91-lOB Kasauli sandstone 	with 
wood fragments 
4 91-12B Kasauli sandstone 	with 
wood fragments 
Samples used for illite diagenesis studies and palaeomagnetic studies 
The location of these samples, numbered in appendices A and B, can be found on 
Fig. I of appendix A. 
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Fig. 1: Sample locality map. Each locality number can be related to the 
samples collected, as listed in Appendix F. 
